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Preface 


The field of RNA therapeutics has rapidly changed over the last few years. Particularly, two 
mRNA vaccines for SARS-CoV-2 and a customized oligonucleotide for an 7-of-1 trial have 
revolutionized the expectations in the field. Although the use of RNA-based molecules as 
treatments has been investigated for several decades, this recent surge of applications has 
seen more and more researchers embarking on the design and assessment of such therapies. 
The main objective of this book is to provide basic knowledge and a large collection of 
methods to facilitate the work of these newcomers to the field who want to exploit antisense 
technology as a therapeutic intervention. 

This book was conceived thanks to the network DARTER (Delivery of Antisense RNA 
Therapeutics, https://www.antisenserna.eu). DARTER is funded by the EU Cooperation of 
Science and Technology (COST), which aims to enhance interaction and collaborations 
between researchers in Europe and other countries (https://www.cost.eu/). Within 
DARTER, we aim to exchange knowledge and protocols and explore the full potential of 
antisense technology in an environment that combines academia, industry, and patient 
representatives. This book depicts the variety of models, delivery systems, and approaches 
that can be used to assess RNA technology and has combined the expertise of researchers 
located in ten different countries. 

Among the 28 chapters included in this book, we have commissioned several review 
chapters that cover aspects from the historical development of nucleic acid therapeutics, the 
clinical applications of antisense oligonucleotides, and considerations to include in the 
preclinical evaluation of the oligonucleotide-mediated toxicology, to patent issues that 
may need to be contemplated. The remaining chapters follow a classical protocol structure, 
and we have divided them attending to the subject covered: the design of antisense 
technology and their delivery (Part II), the description of the model systems developed to 
evaluate their efficacy, both in vitro (Part III) and in vivo (Part IV), methods to evaluate 
preclinically the toxicity associated with these new potential drugs (Part V), and intellectual 
property considerations (Part VI). 

We thank all contributing authors for their tremendous effort including their secret tips 
in the notes of their protocols. We also thank COST for facilitating the cooperation between 
the research groups and for making it possible for this book to be published Open Access. 
We have learned a lot during the revision of this book, and we hope that readers will, too. 


Barakaldo, Spain Virginia Arechavala-Gomeza 
Nijmegen, The Netherlands Alejandro Garanto 
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Introduction and History of the Chemistry of Nucleic Acids 
Therapeutics 


Michael J. Gait and Sudhir Agrawal 


Abstract 


This introduction charts the history of the development of the major chemical modifications that have 
influenced the development of nucleic acids therapeutics focusing in particular on antisense oligonucleotide 
analogues carrying modifications in the backbone and sugar. Brief mention is made of siRNA development 
and other applications that have by and large utilized the same modifications. We also point out the pitfalls 
of the use of nucleic acids as drugs, such as their unwanted interactions with pattern recognition receptors, 
which can be mitigated by chemical modification or used as immunotherapeutic agents. 


Key words Antisense, siRNA, Nucleic acid therapeutics, Oligonucleotides, Toll-like receptors, Pat- 
tern recognition receptors, Gapmer, Splice switching 


1 Introduction to Synthetic Antisense Oligonucleotides and siRNA 


Oligonucleotides are short single-stranded sections of DNA or 
RNA that contain 2'-deoxyribo-nucleosides or ribo-nucleosides, 
respectively, which are linked by 3'-5' phosphodiester linkages 
(Fig. 1a). Antisense oligonucleotides are those that are complemen- 
tary to a section of naturally occurring RNA, such as an mRNA or a 
viral RNA, to form Watson-Crick base pairs and to thus inhibit a 
biological function of that RNA. Zamecnik and Stephenson pio- 
neered this concept in 1978 by utilizing antisense oligodeoxyribo- 
nucleotides (ODNs) to bind and inhibit the replication of Rous 
sarcoma virus (RSV) RNA [1]. This work followed much earlier 
(1969) studies of De Clercq et al. on interferon induction by 
synthetic polynucleotides and their phosphorothioate analogues 
[2] and together these early studies heralded the new field of 
nucleic acids therapeutics that began to accelerate in the mid to 
late 1980s. 

Many further chemistry developments since then in the use of 
synthetic oligonucleotide analogues, as outlined below, as well as 
advances in molecular biology, such as in the newer fields of short 


Virginia Arechavala-Gomeza and Alejandro Garanto (eds.), Antisense RNA Design, Delivery, and Analysis, Methods in Molecular 
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Fig. 1 Chemical structures. (a) DNA oligonucleotides (ODN), (b) phosphorothioate ODN (PS-ODN), (c) Ap-PS- 
ODN, (d) Sp-PS-ODN, (e) methylphosphonate ODN (PM-ODN), (f) phosphoramidate ODN (PN-ODN) R = H or 
alkyl, (g) phosphomorpholidate, (h) phosphopiperazidate, (i) phosphorodiamidate morpholino (PMO), (j) 
peptide nucleic acids (PNA). B — heterocyclic base 


interfering RNA (siRNA) and non-coding RNAs, such as micro- 
RNA (miRNA), have led to the widespread and convenient use of 
synthetic oligonucleotides as antisense and siRNA reagents for gene 
ablation or targeting of non-coding RNA, as well as their use in 
animals and in humans leading to the approval of 12 drugs to date. 
In this chapter we outline the history of oligonucleotide chemistry 
in antisense and siRNA that has led to preclinical studies that have 
guided their development with drug-like properties and hence 
clinical trials (Fig. 2). We go on to discuss the development of the 
principles of widely used antisense gapmers and siRNAs as well as 
their immune responses by triggering pattern recognition receptors 
(PRRs) and how such activities can be controlled or harnessed for 
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Fig. 2 Evolution of chemical modifications during the development of antisense as therapeutic agents. In the 
nineties, various modifications of ODNs and ORNs were studied and based on RNase H activation, PS-ODNs 
became the choice as first-generation antisense agents. Soon it was realized that PS-ODN had off-target 
activities including complement activation and also sequence specific immune activation. This led to 
questions on the mechanism of action of PS-ODNs and associated safety signals, and clinical development 
of most of the PS-ODN ASOs was discontinued. In parallel use of modified ORN for splicing correction in the 
cells was established. Based on the early work conducted in early nineties, gapmer antisense design provided 
the key attributes and became the choice as second-generation antisense agents. Studies of chemical 
modifications in antisense has facilitated development of other therapeutic oligonucleotides. The key 
modifications which have been identified in the development of antisense, e.g. PS-PDN and PS-ORN, 
2'-modified or 2'-O-substituted ribo-nucleosides, bridged ribo-nucleosides, and PMO which are being 
employed in various nucleic acid therapeutics. In the last few years, a number of drugs based on gapmer 
ONs (mipomersen, inotersen, volanesorsen), 2'-MOE PS-ORN (nusinersen), PMO (eteplirsen, golodirsen, 
vitolarsen), and siRNA (patisiran, givosiran) have been approved 


use as drugs (Fig. 3). Readers are also referred to a recent book 
edited by us on recent Advances in Therapeutic Nucleic Acids [3 ]. 


2 Oligonucleotide Synthesis 


Early work in the 1960s and 1970s on phosphodiester and phos- 
photriester chemistry for the synthesis of ODNs required armies of 
nucleic acids chemists for painstaking oligonucleotide synthesis in 
solution phase that took months to years for each synthesis (for 
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Fig. 3 Pattern recognition receptors (PRRs). The number of PRRs listed in the 
right-side column which is known to recognize patterns of nucleic acids and 
induce appropriate immune responses. This recognition is applicable to all use of 
nucleic acids for therapeutics, and depending on the engagement could affect 
the mechanism of action and also safety signals. This recognition could be due 
to PAMPs of the nucleic acid agent being used or due to DAMPs, due to the build- 
up of administered agent in the tissues and organs, being recognized as 
endogenous nucleic acids 


example [4]). The revolution for molecular biologists came in the 
late 1970s and early 1980s with the development of solid-phase 
ODN synthesis first suggested by Letsinger and Mahadevan in 
1965 [5] and later developed into working methods in the labora- 
tories of Gait [6-8] and Itakura [9]. These methods were then 
superseded by the more efficient phosphoramidite chemistry of 
Caruthers and colleagues [10], which went on to be automated, 
such as by Applied Biosystems and other companies. The rapid and 
automated synthesis allowed molecular biologists to obtain syn- 
thetic ODNs readily for biological purposes such as for sequencing, 
cloning, and gene synthesis. The history of oligonucleotide synthe- 
sis chemistry has been reviewed [11, 12]. Today standard and 
modified ODNSs can be obtained rapidly and efficiently on a small 
to large scale through highly automated solid-phase DNA oligonu- 
cleotide synthesis for many biological and diagnostic purposes. 

Oligoribonucleotide synthesis is also now well established for 
the synthesis of siRNA or for aptameric RNAs. Currently, several 
oligonucleotide manufacturing plants are operational to produce 
oligonucleotides under GMP conditions. 


3 Synthetic Oligonucleotide Analogues in Antisense and siRNA 


The early work of Zamecnik and colleagues utilized RSV since this 
was the only viral RNA sequenced at this time. Zamecnik noticed 
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3.1 Backbone 
Analogues 


3.1.1  Phosphorothioates 


that both ends of the linear RNA genome bore the same primary 
sequence in the same polarity and that DNA might be synthesized 
from the RNA by reverse transcription via circularization of the 
5’-end with the 3'-end through base pairing. Zamecnik and Ste- 
venson were able to block this circularization by use of a synthetic 
ODN via hybridization with the 3'-end of the viral RNA. By use of 
a cell-free system, translation ofthe RSV mRNA was impaired, thus 
leading to inhibition of viral replication. This work was the birth of 
the antisense concept [1, 13]. 

Further progress in the antisense field awaited the mid to late 
1980s for the availability of genomic DNA (or RNA) sequences for 
antisense targeting as well as the new automated methods of oligo- 
nucleotide synthesis as described above. There was also some scep- 
ticism regarding the stability and eukaryotic cell entry ability of 
unmodified oligonucleotides. Nevertheless Zamecnik and Gallo 
were able to employ unmodified antisense ODNs to inhibit 
human immunodeficiency virus 1 (HIV-1) replication [13] and to 
suppress expression of HIV-1 related markers [14]. Cellular uptake 
of the ODN was not a limiting factor since experiments were 
carried out in primary human cells and non-targeted control oligo- 
nucleotides showed minimal inhibition of HIV-1 replication, thus 
demonstrating sequence-specificity. This paper reignited the thera- 
peutic potential of the antisense approach. 

The next step was to provide drug-like properties to the 
unmodified antisense ODNs through chemical modifications. In 
this context the key consideration was to provide nucleolytic stabil- 
ity to antisense ODNs without affecting their hybridization and 
affinities with the RNA target. Not much was known at the time 
about the in vivo characteristics of unmodified ODN, or any mod- 
ified ODNs, which could have guided the study of potential mod- 
ifications. The first step was to see if modifications of the 
internucleotide linkages would provide nucleolytic stability to 
ODNs, while preserving the hybridization affinity to the target 
RNA. Later on, discovery of PRRs further provided insights into 
recognition of pathogen associated molecular patterns (PAMPs) of 
nucleic acids, and how sequence of antisense and nucleic acid-based 
therapeutic approaches could affect the mechanism of action 


(Fig. 3). 


The antisense field took inspiration from the very early work of De 
Clerq, Eckstein, and Merigan [2] where phosphorothioate (PS) 
modifications were studied in homopolynucleotides as stabilizing 
agents. By the mid-1980s new chemical synthesis methods for the 
PS linkage in ODNs became available [15]. Here, a simple sulfur 
atom replaces a non-bridging oxygen atom (Fig. 1b). However, 
standard automated synthesis, which in the phosphoramidite 
method involves treatment with a sulfurizing agent in place of 
oxidation by iodine, produced a mixture of diastereomeric 
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oligonucleotide products ( Rp and Sp) (Fig. 1c, d) and thus there 
was found to be a lower binding affinity to target RNA compared to 
phosphodiesters. However, PS-linked ODNs are much more resis- 
tant to nuclease degradation than phosphodiesters. Optimization 
of the synthesis methodology allowed the synthesis of milligram 
quantities of PS-ODNs for use in cell and in vivo experiments. 

Early studies showed dose-dependent inhibition of viral repli- 
cation and antiviral activity in HIV-1 infected cells by use of anti- 
sense PS-ODNs targeted to several regions of HIV-1 mRNA 
[16, 17]. Surprisingly, homopolymers were also effective and anti- 
viral activity depended on the base composition, suggesting that 
PS-ODNs also had off-target activity. Longer PS-ODNs were more 
effective than shorter ones and cellular uptake was efficient in 
primary human cells without a carrier. In addition, antisense 
PS-ODNs showed potent and durable inhibition of HIV-1 replica- 
tion in chronically HIV-1 infected cells [18-20 ]. Soon after, studies 
with PS-ODN targeted to influenza virus showed inhibition of 
virus replication [21]. Based on these early studies and promise, 
PS-ODNSs became the choice for first-generation antisense agents. 

Following these studies, work on antisense was pursued in 
many laboratories around the world for a broad range of applica- 
tions [22-24 ]. In addition, several new companies were founded to 
advance therapeutic applications of antisense, such as Gilead 
Sciences, Isis Pharmaceuticals (now Ionis Pharmaceuticals), Hybri- 
don (now Idera Pharmaceuticals), and others. Numerous reports 
appeared on the use of antisense PS-ODNs to target viruses 
[25, 26], oncogenes [24, 27], and kinases [27, 28], etc. Cellular 
uptake of PS-ODNs in transformed cells in culture was found to be 
poor but could be improved substantially by use of cationic lipid 
carriers. It was also shown that an antisense PS-ODN bound to its 
target RNA engaged RNase H [19, 20] to excise the RNA strand 
and this was therefore likely to be the mode of action and not steric 
block inhibition of translation as observed with other modified 
ODNSs [29, 30]. Nevertheless RNase H cleavage activity was poorer 
than for a PO-ASO [20]. 

The first in vivo study in mice of a systemically delivered 
PS-ODN showed that plasma half-life was very short but that 
there was a broad tissue disposition with most delivered to liver 
and kidneys and the lowest amounts in the brain [31]. The 
PS-ODN was stable in tissues for several days and excreted primar- 
ily in urine in degraded form mostly through exonuclease cleavage 
from the 3'-end. Chemical modifications at the 3'-end increased the 
stability [32, 33]. The PS-ODN was bound by serum proteins, 
which increased the plasma half-life and improved tissue disposition 
[34, 35]. 

Antisense PS-ODNs showed very potent activity in animal 
models of viral diseases and cancer [36, 37]. However, in some 
cases a control PS-ODN also showed some activity, leading to the 
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possibility of off-target effects [38]. For example, a PS-ODN tar- 
geted to human papillomavirus inhibited papillomavirus-induced 
growth of implanted human foreskin in a mouse xenograft model 
but unexpectedly was also active in a mouse cytomegalovirus 
(CMV) model [39]. Studies in immune-compromised mice 
showed that the effect of the PS-ODN was largely due to immune 
activation of the host. Sequence-dependent immune stimulation 
was confirmed during non-clinical safety evaluations of drug candi- 
dates. Repeated systemic administration of PS-ODN candidates in 
mice and rats caused inflammation, splenomegaly, and histological 
changes in multiple organs [40, 41]. Further in non-human pri- 
mates, bolus administration of the first antisense PS-ODN 
(GEM91) led to severe hemodynamic changes due to activation 
of the alternative complement pathway [42]. Stimulation of the 
alternative pathway complement activation cascade became the first 
documented off-target effect, which was due to a plasma concen- 
tration effect of the poly-anionic nature of PS-ODNs. It could be 
mitigated by subcutaneous administration or by slow intravenous 
infusion. Thereafter, the US Federal Drug Agency (FDA) pub- 
lished guidelines and required the use of non-human primates for 
non-clinical safety studies of all oligonucleotide drugs [43 ]. 

In the 1990s a number of antisense PS-ODN clinical candi- 
dates were advanced to human trials [44] through intravenous 
infusion, intravitreal or subcutaneous delivery [45-47]. Humans 
showed similar pharmacokinetics and excretion data to those of 
non-human primates [48, 49]. However, most clinical studies 
were discontinued due to the lack of activity or a poor therapeutic 
index [50]. For example, the subcutaneous administration of 
GEM?1 in humans caused flu-like symptoms, swelling of the drain- 
ing lymph nodes, prolongation of activated partial thromboplastin 
time (aPTT), and thrombocytopenia [29 ]. Rather than suppression 
of HIV-1, HIV-1 RNA levels were increased in blood [51]. How- 
ever, intravenous delivery had minimal effect on these parameters. 
There were a few reports of immunostimulatory properties of 
DNA/ODNSs containing CG nucleotides [52, 53]. It only became 
clear much later that PS-ODNs containing an unmethylated CpG 
motif activated the immune responses by binding to Toll-like 
receptor 9 (TLR9), an innate immune receptor present in immune 
cells that recognizes DNA containing CpG dinucleotide motifs 
[54]. It became clear that the flu-like symptoms and injection site 
reactions seen with most of the PS-ODN drug candidates in clinical 
trials, such as the clinically approved drug fomivirsen, administered 
intra-vitreally to treat AIDS-related CMV-induced retinitis, 
contained a CpG motif [55]. Thus, the true mechanism of action 
of this first-generation drug, now no longer marketed, remains 
unclear. Altogether, preclinical and clinical studies have provided 
important insights into the properties of PS-ODNs and its use as 
drugs [35, 56, 57]. 
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3.1.2 Charge-Neutral 
Analogues 


Also of debate for some time has been whether the presence of 
a mixture of Rp and Sp diastereoisomers in the synthetic PS-ODNs 
(Fig. 1c, d) bears any influence on their biological properties. For 
example, a 20-mer would have 2!? isomers. The stereospecificity of 
enzymes that act on nucleoside phosphates was well known from 
early work of Eckstein (reviewed in [58]). Since PS-ODN interact- 
ing enzymes, such as nucleases, also utilize only a single diasterioi- 
someric isomer [59], it was plausible that there might be a 
significant biological effect in cells of utilizing mixed PS diastereo- 
mers in antisense PS-ODNSs. Testing of this only awaited the solid- 
phase synthesis of stereo-enriched and stereo-pure PS-ODNSs. This 
became possible through pioneering work of Stec and later by use 
of nucleoside bicyclic oxazaphospholidinium synthons [15, 60]. It 
is now known that binding strength and recognition by RNase H is 
generally higher for antisense oligonucleotides containing Rp lin- 
kages but depends crucially on the placement of these with respect 
to Sp linkages and overall stereospecific PS-ODNSs have had limited 
therapeutic utility [61]. Recently certain stereo-pure antisense oli- 
gonucleotides were shown to have improved activity in cell culture 
and in vivo [62] but the therapeutic significance of such stereospec- 
ificity is currently hotly disputed [63]. Even more recently, the 
clinical development of a stereo-pure PS-ODN, WVEN-531 tar- 
geted to DMD has been discontinued due to lack of clinical activity 
[64]. Furthermore, dosing of this antisense ODN also led to tran- 
sient increases in complement factors and C-reactive protein [65]. 


Two phosphate-containing, charge-neutral oligonucleotide analo- 
gues that were particularly used in early antisense studies are the 
methylphosphonate [66] (Fig. 1e) and the phosphoramidate lin- 
kages [67] (Fig. 1f). They both consist of a mixture of diastereoi- 
somers. Methylphosphonate ODNs (MP-ODNSs) are stable at 
physiological pH and are resistant to nucleolytic degradation but 
are less strongly bound to target RNA compared to PO-ODNs 
[66, 68]. MP-ODNS targeted to HIV-1 showed dose-dependent 
inhibition of HIV-1 replication [16], but they are less active than 
PS-ODNs due to their lack of RNase H activation [19] but instead 
inhibit protein translation, which is generally a weaker activity in 
cells. Limited in vivo studies with a MP-ODN showed that while 
this modification is very resistant to nucleolytic degradation, due to 
poor protein binding, there was a very poor in vivo disposition and 
the majority of the administered ODN was eliminated in urine 
rapidly (Agrawal, unpublished data). In addition, longer 
MP-ODNs, which bind more strongly to RNA and which are 
therefore more potent, are poorly soluble under physiological con- 
ditions and thus have not been advanced toward clinical trials. By 
contrast, a 13-mer antisense oligonucleotide containing all phos- 
phoramidate linkages is more soluble. An anticancer agent 
(GRN163) inhibits the enzyme telomerase [67] and did get into 
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3.2 Sugar Analogues 


3.2.1 2-0-Alkyl Sugars 


a clinical trial, however, clinical development was discontinued due 
to lack of clinical activity. In early work, phosphoramidate-linked 
antisense oligonucleotides (Fig. 1g, h) targeted to HIV-1 showed 
similar results in cell-based assays to an MP-ODN and were not 
pursued [16]. 

Phosphorodiamidate morpholino oligonucleotides (PMOs) 
are also charge-neutral but here a morpholino ring replaces the 
sugar unit (Fig. li) [69]. PMOs inhibit translation by a steric 
block mechanism [70] as they are not recognized by RNase H. 
They are completely resistant to nucleases but are not taken up well 
by cells and thus require very high doses for in vivo delivery. They 
were found to be strong antiviral agents, for example, against 
Ebola, Marburg, and Chikungunya viruses [71]. Three exon skip- 
ping PMO drugs, eteplirsen, golodirsen, and vitolarsen designed to 
induce alternative splicing and restore the reading frame of mutant 
dystrophin in patients with Duchenne muscular dystrophy (DMD) 
[72] have been approved but requires the use of high doses 
(50 mg/kg or higher). Its therapeutic effectiveness, based on bio- 
markers, is limited [73], but it is a safe drug at the therapeutic dose. 
PMO and other chemistries used in exon skipping and other steric 
block activities have been reviewed [74]. 

Another initially highly promising, charge-neutral analogue are 
peptide nucleic acids (PNA), where the sugar-phosphate backbone 
is replaced by aminoethylglycine units linked by amide bonds 
(Fig. 1j) [75]. PNA binds strongly to target RNA and, like PMO, 
they are also completely resistant to degradation by nucleases as 
well as proteases. Also similar to PMO, duplexes with RNA are not 
recognized by RNase H and thus PNA acts by a steric block 
mechanism. Antisense PNAs have been broadly studied as antican- 
cer [76, 77], antiviral [78, 79], and antibacterial agents [80, 81] as 
well as inhibitors of micro- RNAs [82]. However, once again very 
high doses are needed in in vivo applications, due to poor cellular 
uptake and unfavorable pharmacokinetics. Poor in vivo biodistribu- 
tion is a likely reason for why antisense PNAs have not to date 
found utility as clinical candidates. 


It has been long established that an RNA-RNA duplex is much 
stronger than that of DNA-RNA. However, RNA (Fig. 4a) is 
highly unstable to ribonucleases. Phosphorothioate analogues 
(PS-ORN) showed an increased affinity to target RNA but they 
were found to have lower potency as compared to PS-ODNs, 
probably since RNA-RNA duplexes lack RNase H activation 
ability [35]. 


The first sugar analogues to find utility in antisense oligonucleo- 
tides are the naturally occurring 2'-O-methylribonucleosides 
(Fig. 4b) first synthesized by the Ohtsuka laboratory [83]. The 
phosphoramidites of 2'-O-methylribonucleosdes suitable for 
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Fig. 4 Chemical structures of the ribo-nucleoside units of therapeutically useful RNA and RNA analogues. (a) 
ribo-nucleoside (ORN) (b) 2'- O-methyl (2’-OMe), (c) 2’-O-methoxyethyl (2’-MOE), (d) bridged/locked nucleic 
acid (LNA), (e) 2’-0,4’-C-ethylene linked nucleic acid (ENA), (f) tricyclo-DNA (tcDNA), and (g) constrained ethyl 
(cET). B = heterocyclic bases 


solid-phase synthesis became available commercially in the early 
1990s [29]. Studies with 2'-O-methyloligoribonucleotide phos- 
phorothioates (2'-DMe PS-ORN) showed enhanced stability to 
nucleases as compared to PS-ORN and showed a higher affinity 
to target [84]. However, they also showed lower antisense activity 
compared to PS-ODNs, demonstrating that activation of RNase H 
was key for this activity [30, 51, 85, 86]. Since then, very many 
additional 2'- O-alkyl analogues have been synthesized and tested in 
antisense oligonucleotides (ONs), predominantly in gapmer stud- 
ies (see below) to allow recognition by RNase H. From these 
studies 2'-O-methoxyethylribonucleoside (2'-MOE) (Fig. 4c) has 
been employed widely in clinical gapmer candidates (Chapters 
3 and 4 of Agrawal and Gait [3 ]). 

As described earlier, dose-dependent activation of complement 
and prolongation of aPTT were found to be unwanted side effects 
of PS-ODNs. These effects as well as strong binding to serum 
proteins were thought to be due to the poly-anionic nature of the 
PS linkage. However, there were found to be significantly less side 
effects when PS-ORN or 2'-OMe-PS-ASO where used, suggesting 
that the poly-anionic nature ofthe PS backbone in PS-ORN and PS 
2'-OMe is not as pronounced when placed in the context of an 
RNA or RNA-like sugar conformation [40, 85-87]. This became 
crucial to their use in later gapmer antisense studies. 

Uniformly 2'-O-alkyl modified PS-RNA has also found very 
high therapeutic use in splice switching (exon skipping or exon 
inclusion) and other steric blocking applications due to their high 
binding strength to nuclear pre-mRNA [88, 89]. However, the 


3.2.2 Locked/Bridged 
Nucleic Acids 
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exon skipping 2'-OMe PS-ORN antisense drisapersen drug candi- 
date failed to show clinical benefit in patients with DMD and also 
caused significant adverse side effects and was, therefore, not 
approved for clinical use [90]. By contrast, the 18-mer 2'-MOE 
phosphorothioate (2'-MOE PS-ORN, nusinersen), which redirects 
the splicing of the SMN-2 gene to generate active SMN protein 
(exon inclusion), administered intrathecally only few times a year 
was approved by the FDA for the treatment of spinal muscular 
atrophy (SMA) [91, 92]. The thrombocytopenia and renal toxicity 
observed with the use of drisapersen could be largely due to the 
need for repeated subcutaneous dosages of 2'-OMe PS-ORN, 
which is very stable to nucleolytic degradation and therefore may 
accumulate in tissues due to its long half-life and potentially interact 
with PRRs. Nusinersen, a 2'-MOE PS-ORN, is also quite stable to 
nucleolytic degradation, but its intrathecal administration and need 
for infrequent and lower doses minimizes the impact of tissue 
accumulation and avoids the need for passage into the brain and 
spinal cord from the circulation. 


A major step forward in the design of antisense ONs was the 
development in the laboratories of Wengel and also of Imanishi of 
bicyclic sugar analogues known as locked or bridged nucleic acids 
(LNA/BNA). Here the conformational flexibility of nucleotides is 
significantly reduced by linkage of the 2'-oxygen atom to the 4- 
'-carbon atom in the ribose ring (Fig. 4d). This results in a signifi- 
cant increase in the binding affinity of ONs to complementary RNA 
targets with an increase in the melting temperature of 2-8 °C per 
residue [93]. Unfortunately, LNA oligomers of 8 units or longer 
tend to self-aggregate. Therefore they became more useful as mix- 
mers with 2'-deoxynucleotides and here miravirsen, the first 
microRNA-targeting drug, which acts by sterically blocking 
microRNA-122, highly expressed in liver, was developed for the 
treatment of hepatitis C virus infection, a debilitating liver disease 
[94]. Unfortunately, this drug's clinical development was discon- 
tinued because of safety issues. LNA has also been used as mixmers 
with 2’-OMe nucleotides targeting various RNAs in cells (e.g. [93]) 
and has also found utility in the flanking sequences of gapmers. This 
had the effect also of modulating the binding strength of the ON 
and increasing the specifidty of the interaction (reviewed in 
Chapter 3 of Agrawal and Gait [3 ]). 

Another bicyclic analogue that became useful is 2/-O,4"-C- 
ethylene linked nucleic acid (ENA) [95] (Fig. 4e). In a recent 
study an antisense ON DS-5141, containing segments of 2’-OMe 
PS-RNA and ENA, showed good activity in an mdx mouse model 
of DMD and a phase 1/2 clinical trial was carried out in Japan 
[96]. A further analogue useful in steric block applications is 
tricyclo-DNA (tcDNA) [97] (Fig. 4f). However, perhaps the 
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most important bicyclic derivative of LNA that has found consider- 
able therapeutic utility is the methylated analogue known as “con- 
strained Ethyl” (cET), which is being employed in shorter gapmers 
[98] (Fig. 4g) and being evaluated in preclinical and clinical studies 
by Ionis Pharmaceuticals Inc. All these types of bridged nucleic 
acids have shown very strong affinity to target RNA and increased 
nucleolytic stability, but none of them are substrates for RNase H. 
Thus, these types of bicyclic sugar analogues are mostly used in 
steric block/splicing modulation approaches and in the flanking 
sequences of gapmers. 


3.3 Heterocyclic In early antisense studies it was thought that increased antisense 

Base Analogues activity might be achievable by improving the affinity of an ODN to 
target RNA through modification of the heterocyclic bases, for 
example, by adding an extra hydrogen bond in the base pairing 
between an ODN and its RNA target or by increasing the base 
stacking potential in a DNA-RNA duplex. Chemically this was 
simplest through modifications in the pyrimidine rings, for exam- 
ple, by modifications at positions C-2, C-4, C-5 or at C-6, and 
many of these base analogues were incorporated into antisense 
ODNs. However, few of these proved to be of significant value. 
Incorporation of modified purines generally resulted in a reduced 
binding affinity of an antisense ODN. Perhaps the most useful 
study of antisense activity was of incorporation of various heterocy- 
clic bases in ODNs including the increased base stacking analogues 
C-5 propynyl and 5-methyl cytosine (5-MeC) and the increased 
hydrogen-bonding analogues phenoxazine, and G-clamp. These 
studies showed that the increased hydrogen-bonding analogue 
G-clamp had potent dose-dependent antisense activity [99 ]. Unfor- 
tunately, these antisense ODNs containing G-clamps were found to 
be highly toxic in in vivo studies. Currently, the only significantly 
used nucleoside base analogue in antisense ODNs is 5-methyl- 
2'-deoxycytidine (5-MedC) [100]. This methylated base analogue 
is used mainly to mitigate immune activation in CpG dinucleotide 
sequences rather than for changing binding strength [101]. 


4 RNase H Active Gapmer Chemistry for Use as Drugs 


Early studies conducted with various modified ODNs, ORNs, and 
2'-substituted ORNs as antisense agents provided great insights 
into what is important for providing drug-like properties to anti- 
sense oligonucleotides [3]. Studies with PS-ODNs showed that 
increased nucleolytic stability and activation of RNase H were key. 
However, polyanion-related side effects and sequence-dependent 
immune activation were limiting factors in their broad applicability 
[50, 57]. Studies with MP-ODNSs showed that polyanion-related 
side effects could be completely mitigated (Agrawal, unpublished 
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data), and had significant nucleolytic stability. However, with lower 
affinity and lack of RNase H activation, there was a loss in antisense 
potency [16]. These observations led to the concept of combining 
desirable properties of the two modified ODNSs to provide drug- 
like properties to antisense oligonucleotides [29]. The first studies 
were carried out with antisense containing segments of PS-ODN 
and PM-ODN or PN-ODN referred to as mixed backbone anti- 
sense ONs. These antisense designs showed increased nucleolytic 
stability and RNase H activation [19, 40]. However, reduced affin- 
ity limited their potency. Further insight was obtained from in vivo 
studies in which a mixed backbone ON containing PS-ODN and 
PM-ODN showed wide tissue disposition and increased stability 
and longer half-life in tissues [102]. 

This led Agrawal and colleagues to design antisense oligonu- 
cleotides in which the segments of PS-ODN and 2’-substituted 
PS-ORN were combined at the appropriate positions [29, 84, 
85]. These types of antisense oligonucleotides were referred to as 
Hybrid ONs, now commonly referred to as gapmers (Fig. 5). In the 
original design of antisense, a segment of PS-DNA was placed in 
the middle and segments of 2'- O-alkyl PS-ORN or a combination 
of PO- and PS-linkages were placed at both 3'- and 5'-ends [29, 84, 
85, 87, 103]. This design of antisense combined the desirable 
properties of PS-DNA and 2'-O-alkyl. PS-ORN, and provided 
increased affinity to targeted RNA, activation of RNase H, 
increased nucleolytic stability, and reduced polyanion-related side 
effects. Furthermore, inflammatory responses were also reduced 
[35, 40, 56]. In vivo administration in mice showed similar plasma 
half-life and tissue disposition similar to that observed with 
PS-ODNs, and with increased in vivo stability and retention in 
tissues [104]. Also, due to increased in vivo stability, oral and rectal 
delivery of gapmer antisense was possible [34]. It was postulated 
that the increased stability and in vivo persistence may allow less 
frequent dosing to obtain therapeutic benefits. 

There was also a concern that increased retention of gapmer 
antisense in tissues may lead to tissue build up following repeated 
dosing, which would induce local inflammatory responses and side 
effects, thereby limiting its therapeutic potential. 

Other configurations of gapmer antisense were also evaluated, 
including the configuration in which a segment of 2'-O-alkyl 
PS-ORN was placed in the center and segments of PS-DNA were 
placed at both 3'- and 5'-ends. This design of gapmer antisense 
showed increased potency compared to PS-DNA and reduced 
polyanion-related side effects. In general, the specificity of RNase 
H mediated cleavage and its efficiency and excision sites were 
dependent on the position of the PS-DNA in gapmer antisense 
ONs [105]. 

Based on these encouraging results, gapmer antisense became 
the choice for second-generation antisense agents. In 2001, a 
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RNaseH activation 


[ PS-DNA ] 

Aa A 
Ez 
———^ ———^ 
3'-wing 5'-wing 


[ 270-R-ORN, LNA, cEt, etc] 


Increased affinity, nucleotyti tabilit 


ith PRR depending on the sequen: 


Fig. 5 Design of gapmer antisense oligonucleotides. In a gapmer antisense, 
segments of PS-DNA and modified RNA are appropriately placed to combine 
desirable characteristics for antisense agent with both of these modifications. 
PS-DNA segment provides RNase H activation, and modified RNA segments 
provide increased nucleolytic stability, affinity to target RNA, decreased poly- 
anionic characteristics and inflammatory responses 


licensing agreement between the companies allowed the technol- 
ogy to be widely available [44]. Over the years, studies have been 
carried out to establish the optimal size of the window of a central 
PS-DNA segment [105 ]. Similarly, studies have been carried out to 
optimize the size of the modified ORN wings at both 3'- and 
5'-ends. In the wings of the gapmer antisense, various modified 
ORNs have been incorporated and evaluated (see Chapter 3 of 
Agrawal and Gait [3]). To date, most promising results have been 
obtained with gapmer antisense containing segments of 2'-O- 
methyl or 2'- O- methoxyethyl at both 3'- and 5'-ends. Over 30 gap- 
mer antisense drug candidates containing 2'-O-methoxyethyl or 
LNA segments have been advanced to clinical evaluations following 
systemic delivery. To date, three candidates have been approved for 
clinical use. These include inotersen [106], volanesorsen [107], 
and mipomersen [108]. Clinical development of several gapmer 
antisense drug candidates have been discontinued, due to lack of 
clinical activity and or safety signals. These include ISIS-FXIRx, 
ISIS-EIF4ERx, ATLI1103, ATLI102, ISIS-GCGRRx, ISIS- 
PTBRx, ISIS-APOARx, ISIS-SODIRx, ISIS-FGFR4Rx, ISIS- 
405879, OGX-011, OGX-427, LY2181308, ATL1103, 
ATL1102, etc. 

As discussed above, many of the bicyclic sugar analogues 
including locked/bridged nucleic acids have been studied as anti- 
sense agents. These analogues have also been studied as part of the 
wings in gapmer antisense. These include LNA (Fig. 2d) [109], 
constrained ethyl 2/-4' bridged nucleic acid (cEt) (Fig. 2g) [110], 
anhydrohexitol [91], fluorocyclohexenyl (F-CeNA) [111], altritol 
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nucleic acids [112], and tricyclo-DNA (tcDNA) (Fig. 2f) 
[97]. These modifications provide very high affinity and have 
allowed the length of the gapmer antisense to be reduced. A few 
of these shorter gapmer ASOs are being employed to achieve allele 
specific knockdown [113]. While the use of shorter antisense may 
be cost effective, it increases the possibility of off-target effects by 
binding to non-targeted RNA [114, 115]. Also selected LNA and 
cET ASOs have been associated with liver toxicity [116, 117]. 

Several gapmer antisense drug candidates employing LNA in 
the wings have advanced toward the clinic but development of most 
of these candidates have been discontinued, primarily due to safety 
issues and lack of therapeutic index. 

Other modifications in the gapmer antisense studies include 
2/-deoxy-2'-fluoro-beta-p-arabinonucleic acid (FANA) [118], 3'"- 
fluorohexitolnucleic acid (FHNA) [119], 2'"thiothymine, 
5-modified pyrimidine bases, etc. These studies are limited to pre- 
clinical evaluations. 


5 siRNA Chemistry for Use as Drugs 


The lessons learned in the development of antisense ONs have 
allowed the development of siRNA therapeutics to be speeded 
up. siRNAs have a well-defined structure: a short double stranded 
RNA of 20-25 base pairs with phosphorylated 5'-ends and hydro- 
xylated 3'-ends and also usually containing two 3'-overhanging 
nucleotides, although blunt ends are sometimes used. While the 
key requirement is to provide nucleolytic stability to a siRNA 
candidate, it requires an understanding of the function of each 
strand. One strand is called the passenger strand and the other is 
the active component and is called the antisense or guide strand. It 
is the guide strand that is incorporated into the enzyme complex 
called RISC in order to be directed to cleave the target RNA strand, 
while the passenger strand is displaced. 

Studies of various chemical modifications in antisense and their 
impact on providing drug-like properties have allowed the use of 
some of these modifications in development siRNA therapeutics. 
These include PS-linkages, various modified ribose sugars such as 
2/-O-methyl, 2'-fluoro 2'-deoxy (2'-F), LNA as well as the sugar 
ring-opened analogues unlocked nucleic acid (UNA), and glycol 
nucleic acid (GNA). In siRNA chemical modifications are intro- 
duced strategically to provide nucleolytic stability. In addition the 
passenger strand is usually heavily modified in order to block pas- 
senger strand entry into RISC, while to promote RISC loading of 
the guide strand only light modification is used, such as 2'-F 
replacement of 2'-OH groups in pyrimidines. At the same time 
modifications must not be placed centrally in the guide strand so 
as to block RISC-associated cleavage of the target RNA. The exact 
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locations of such modifications in guide and passenger strands are 
generally closely guarded secrets by reagent suppliers. In addition, 
the 5'-phosphate of a siRNA guide strand is essential for recogni- 
tion by RISC. Phosphatase-resistant analogues of the 5'-end phos- 
phate have been shown to improve the in vivo efficacy and are used 
in clinical candidates [120]. 

In siRNA candidates, chemical modifications provide nucleo- 
lytic stability, however, delivery to a desired tissue or cell type 
requires use of carrier or conjugation with delivery moieties 
[121]. To date, two main delivery platforms—ionisable lipid nano- 
particles (1LNPs) and trivalent N-acetylgalactosamine (GalNAc) 
conjugates—have been employed for delivery to liver hepatocytes. 
To date, two siRNA drugs have been approved for clinical use 
patisiran, which uses lipid delivery, and givosiran, which uses a 
GalNAc conjugation. Third siRNA drug candidate, inclisiran, a 
GalNac conjugate has shown positive results in phase 3 trial 
[122]. Details of these structure activity relationship studies have 
been discussed in two chapters from a previous book [123, 124]. 


6 Immune Responses to Nucleic Acids 


Over the last five decades there have been several reports on obser- 
vations that certain nucleic acid sequences showed immune stimu- 
latory properties [52, 125, 126]. In the mid-1990s subcutaneous 
administration of an antisense PS-ODN targeted to HIV-1 
(GEM91) in HIV-1 infected individuals caused flu-like symptoms 
and systemic immune responses [51 ]. This observation alone could 
not be explained until the discovery of PRRs. These receptors are 
part of the immune system and PAMPs and host-derived damage- 
associated molecular patterns (DAMPs). These PRRs play an essen- 
tial role in establishing antiviral and antibacterial responses by 
recognizing PAMPs. However, PRRs could also induce develop- 
ment of autoimmune and inflammatory diseases by recognizing 
DAMPs [127, 128]. 

PAMPs are highly conserved motifs in pathogens, such as 
bacteria and viruses. There are several PRRs that are known to 
recognize motifs, sequences, and patterns of nucleic acids and 
induce receptor-mediated immune responses. These include mem- 
bers of Toll-like receptors (TLRs), of which four TLRs respond to 
nucleic acids. TLR3, TLR7/8, and TLR9 recognize double- 
stranded RNA (dsRNA), single-stranded RNA with certain 
sequence composition and modified bases (ssRNA), and DNA 
containing unmethylated CpG sequences (CpG DNA), respectively 
(Chapter 13 of Agrawal and Gait [3]; [129]). These TLRs are 
localized in endosomes and expressed on various cell types. The 
type of immune response induced varies dependent on the receptor 
and the nature of the nucleic acid [130]. In addition to TLRs, 
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additional receptors are present in the cytoplasm known to recog- 
nize nucleic acid-based PAMPs. These include retinoic acid- 
inducible gene-I (RIG-I), melanoma-associated gene-5 (MDA-5), 
absent in melanoma 2 (AIM2), cyclic-AMP synthase (cGAS), and 
stimulator of the interferon gene (STING) (Chapter 13 of Agrawal 
and Gait [3]). 

Following the discovery of TLR9, it became clear that immune 
activation observed with administration of GEM91 was due to the 
presence of unmethylated CpG dinucleotides in the antisense 
sequence [131]. This also provided insights into many of the 
preclinical studies that the chosen antisense may be exerting anti- 
viral or anticancer activity due to immune activation and not by an 
antisense mechanism [51, 57]. Interestingly, most of the antisense 
PS-ODNs in clinical development contained unmethylated CpG 
motifs, raising questions on the intended mechanism of action 
[51, 57]. Clinical development of all these antisense drug candi- 
dates was discontinued due to lack of activity but also due to safety 
signals. Similar observations have been made with a few initial 
siRNA candidates and once again mechanisms of action have been 
correlated with activation of immune responses [132, 133]. 

The discovery of PRRs has provided key insights into many of 
the observations made with use of PS-ODN antisense. For exam- 
ple, TLR9 is a receptor for synthetic ODNs containing unmethy- 
lated CpG motifs [131]. Activation of TLR9 leads to induction of 
Thl type immune responses in mice, primates, and in humans 
(Chapter 14 of Agrawal and Gait [3]). Inductions of Thl type 
immune responses, which include type interferon (IFN) and inter- 
leukin 12 (IL-12), have shown therapeutic potential as antiviral and 
anticancer agents. This explains the activity of a PS-ODN antisense 
containing the CpG motif targeted to HPV, also showing activity 
for CMV and loss of activity in immune compromised mice 
[39]. This also explains the reason for flu-like symptoms with 
administration of GEM91, a PS-ODN antisense containing the 
CpG motif target to HIV-1 [55]. Interestingly, most of the 
PS-ODN antisense that were advanced to clinical development in 
the early 1990s contained unmethylated CpG motifs [51]. Thus, 
their mechanisms of action could be largely due to immune activa- 
tion or side effects were caused by immune activation. 

Detailed structure activity relationships have been carried to 
elucidate the interaction of PS-ODNs with TLR9. These studies 
have provided great insights. For example, (a) the presence of 
unmethylated CpG motif is required, although its position in the 
sequence is equally important [134], (b) accessibility of the 5'-end 
is required [111, 135], (c) modifications of the flanking sequence 
on the 5'-end impacts the immune activity [136], (d) methylation 
of C in the CpG motif neutralizes immune activation and causes it 
to act as an antagonist, and (e) certain modified bases could be used 
in the CpG motif without inducing immune responses. These 
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insights have been very helpful in designing antisense candidates. 
These lessons have provided the basis for the creation of optimized 
agonists and antagonists of TLR9. These classes of compounds 
have been studied extensively in preclinical models of cancer 
[106], vaccines [137], viral infection [138], and autoimmune dis- 
eases [139], and clinical proof of concept has been established in 
multiple diseases [3]; Chapters 5 and 14 of Agrawal and Gait [3]. 

Detailed structure-activity relationship studies have been car- 
ried out for TLR3 [134], TLR7 and TLR8 [127, 140], RIG-I 
[141], and AIM2 [142]. It is important to take these insights 
into consideration when selecting a sequence and prioritizing 
chemical modification for use in therapeutic applications. 


7 Conjugates and Delivery 


The in vivo efficacy of ONs is defined by plasma half-life, tissue 
uptake, nucleolytic stability, and elimination. Systemic administra- 
tion of several gapmer ASOs has shown a similar profile, i.e., short 
plasma half-life, wide tissue dispositions, and the presence of intact 
ASO for longer durations [121]. Even though the delivered gap- 
mer ASO is present in targeted tissues including liver, for sustained 
clinical activity weekly dosing has been employed. This suggests 
that the administered ASO is not present in the right cells or cell 
compartment. Further insights came from intrathecal delivery of 
the 2'-O-methoxyethyl PS-ASO nusinersen (Spinraza) to treat 
SMA. Patients are being treated with IT delivery, administered 
only four to five times a year. This suggests that in a local compart- 
ment, a delivered ASO exerts pharmacodynamic activity for a lon- 
ger duration and thereby requires less frequent dosing. In recent 
studies, both preclinical and clinical, conjugation of gapmer ASO 
with a GalNac cluster has been shown to improve potency and 
frequency of treatment for liver targeted RNA/gene targets. 
Efforts are being made to improve delivery of ASOs to muscles to 
treat muscular disorders employing antibody conjugates 
[143, 144]. 

Peptide conjugation has been researched extensively in recent 
years in efforts to increase the delivery of oligonucleotides. Numer- 
ous cell-penetrating peptides (CPPs) have been developed, which 
are beyond the scope of this Introduction. Readers are referred to a 
book describing methods that use cell-penetrating peptides 
[145]. However, the only peptides that have reached clinical devel- 
opment are Arginine-rich CPPs. These are not suitable for conju- 
gation with negatively charged oligonucleotides because of the 
tendency of such conjugates to aggregate due to charge-charge 
interactions between the positively charged peptide part and the 
negatively charged oligonucleotide part. Instead they have found 
clinical utility for use as conjugates with charge-neutral PMOs. 
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Here the company AVI Biopharma (now called Sarepta) developed 
a series of Arginine-rich CPPs that were taken to toxicological 
testing in monkeys but were found to have renal toxicity at elevated 
doses leading to a poor therapeutic index [146]. Recently Sarepta 
has advocated use of an alternative and shorter Arg-rich peptide, 
which is (Arg)e-Gly, as a PMO conjugate as a treatment for the 
neuromuscular disease DMD. This gave rise to significant improve- 
ments in delivery of an attached PMO and increased exon skipping 
[147]. The peptide-PMO conjugate is currently in Phase 2 clinical 
trials. Similar Arg-rich peptides, eg ones known as Pip having a 
short internal hydrophobic domain, have given rise to increased 
exon skipping for an attached PMO in muscles as well as in heart in 
an mdx mouse model of DMD [148]. Pip peptides and similar 
derivatives are currently being evaluated as potential therapeutics 
for other neuromuscular diseases, for example, in myotonic dystro- 
phy [149]. Once again, shorter Arg peptide derivatives as PMO 
conjugates are likely to be the future clinical candidates in neuro- 
muscular and neurodegenerative diseases. 

Delivery of siRNA has been facilitated by the use of lipid com- 
plexes or as conjugates with GalNAc, mainly to the liver. Use of 
lipids provides stability to an siRNA candidate by encapsulating 
them, along with preferential delivery to the liver. Several lipid 
encapsulated siRNA candidates have advanced to clinical develop- 
ment. For example, patisiran formulated with lipid nanoparticles 
(LNP) has received regulatory approval. It is important to note that 
lipid-nucleic acid mixtures form complexes that create virus-like 
particle structures and engage PRRs to induce immune responses. 
In the case of patisiran, subjects were pre-treated with steroids to 
mitigate inflammatory responses. 

The application of the use of GalNAc to hepatocytes has been 
known for some time and was employed for oligonucleotide deliv- 
ery more than two decades ago [150]. GalNAc is a ligand for the 
asialoglycoprotein receptor 9 (ASGPR), which is very abundant on 
the surface of hepatocytes [151 ]. Conjugation with GalNAc gener- 
ally leads to preferential delivery to the liver. However, depending 
on the nature of modifications of ONs, delivery to other compart- 
ments including the kidney has been observed. An siRNA-GalNAc 
conjugate givosiran has been approved for clinical use, another 
GalNAc conjugate. Inclisiran has shown positive results in a phase 
3 clinical trial (Chapter 11 of Agrawal and Gait [3 ]). 


8 Further Developments in Therapeutics 


Over the years many other applications of nucleic acid-based thera- 
peutics have been pursued. These include aptamers, CRISPR/ 
Cas9, and use of modified mRNA for protein overexpression. 
While the construct and sequence of DNA or RNA employed in 
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9 Summary 


these uses may differ, one common aspect is the need to provide 
drug like properties to the selected agent. Most of the lessons 
learned in the development of chemistry in antisense field have 
facilitated the development of these approaches. In aptamers, mod- 
ified nucleosides, such as 2'- O- methyl, 2'-fluoro or 2'-amino, and 
modified internucleotide linkages such as PS-linkages or borano- 
phosphate are regularly employed [152, 153]. In the case of mRNA 
therapy, considerations of use of chemical modifications are differ- 
ent than in other approaches. The 5'-cap and 3'"-poly(A) tail are the 
key contributors to provide long half-life and for efficient transla- 
tion. New capping agents such as 1,2-dithiodiphosphonate mod- 
ifed caps have been shown to improve RNA translation 
[154]. Several modified nucleosides including N'-methyl-pseu- 
douridine and others have been useful in increasing efficiency of 
translation, and also mitigating immune stimulatory activity 
[155, 156]. The positional incorporation of modified bases in 
mRNA affects the secondary structure of the mRNA, which in 
turn influences its translation. Further stability to mRNA is 
provided by formulation with LNPs [157]. 

In studying CRISPR/Cas9-based therapeutic applications, sev- 
eral modifications are being evaluated. These include PS linkages 
and 2'-fluoro, LNA, c-Et [158], 2'-O-methyl [159], 2/^,4'-BNA 
(NC) [N-Me] [160], etc. These chemical modifications not only 
provide stability but also mitigate interactions with PRRs. CRISPR- 
based technologies have been described in a recent book [161 J. 


Nucleic acid-based therapies are now entering into their fifth 
decade (see Fig. 2 for a timeline of developments). Since the first 
report of the antisense principle in 1978 using unmodified ODNs, 
the technology has evolved, and drugs are now being approved. 
Based on the progress to date and the promise ofthe results, nucleic 
acid therapeutics are now being recognized as the third major drug 
discovery and development approach in addition to small molecules 
and protein/antibody approaches. 

Nucleic acid therapeutic agents are built of A, C, G, T, and U 
nucleotides and connected through internucleotide bonds. Early 
work on chemical modifications to provide drug-like properties to 
antisense and lessons learned have been of tremendous value not 
only in creating antisense drugs but also in developing therapeutics 
using synthetic nucleic acids with other mechanisms of action 
(Fig. 4). Nucleic acid therapeutics could be broadly divided into 
two classes, the first in which an agent is created to target RNA or 
DNA and modulate its expression, and in the second an agent is 
created to bind to proteins or cellular factors. In both of these 
categories, agents could be recognized by PRRs thereby inducing 
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immune responses, either unintended or intended affecting the 
mechanism of action. 

The work on the chemistry of antisense has provided us with a 
few key modifications that have become important tools in nucleic 
acid therapeutics. The most important of these include PS linkages 
in ODN and ORN, gapmer design, selected 2/- O-sustituted 
nucleosides, and various bridged/locked nucleic acids, etc. The 
art of creating a nucleic acid agent lies in the understanding of 
putting together the nucleotide sequence and various modifica- 
tions for its intended mechanism of action without interacting 
with PRR (Fig. 3). 
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Abstract 


Nucleic acid therapeutics is a growing field aiming to treat human conditions that has gained special 
attention due to the successful development of mRNA vaccines against SARS-CoV-2. Another type of 
nucleic acid therapeutics is antisense oligonucleotides, versatile tools that can be used in multiple ways to 
target pre-mRNA and mRNA. While some years ago these molecules were just considered a useful research 
tool and a curiosity in the clinical market, this has rapidly changed. These molecules are promising strategies 
for personalized treatments for rare genetic diseases and they are in development for very common 
disorders too. In this chapter, we provide a brief description of the different mechanisms of action of 
these RNA therapeutic molecules, with clear examples at preclinical and clinical stages. 


Key words RNA therapy, Antisense oligonucleotides, Clinical trials, Splicing, Personalized medicine 


1 Introduction 


Nucleic acid therapeutics is still a growing field. With the irruption 
of the mRNA vaccines against SARS- CoV-2 special attention has 
been given to this type of therapies but other types of nucleic acid 
therapeutics, coined antisense oligonucleotides (AONSs), have been 
studied for many years. Although only a dozen therapeutic oligo- 
nucleotides have been formally approved for clinical use, there are 
many new such drugs in the pipeline for a plethora of (mainly rare) 
diseases. These AON molecules interact with different nucleic acids 
(mRNA, non-coding RNA, and DNA) thanks to sequence specific 
Watson-Crick base pairing. Their mechanism of action, that may be 
designed to bind specific targets, makes these drugs easy to design, 
less likely to cause side effects and, therefore, potential candidates 
to lead the next wave of precision medicine. In this chapter, we 
describe the most frequently used AON-based therapeutic strate- 
gies, their mechanisms of action (Fig. 1), and the results of several 
clinical trials, with special emphasis in eye and muscle diseases. 
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Fig. 1 Schematic representation of the multiple mechanisms of action of antisense oligonucleotide (AON) 
molecules. AONs can act at pre- and mRNA levels of the synthesis of a functional protein (left panel). They can 
be used to modulate splicing (upper right panel) or to degrade (pre-)mRNA (lower right panel). Splice- 
modulating AONs bind to pre-mRNA and promote the insertion or skipping of regular exons. In addition, 
they can redirect splicing when mutations in a gene lead to splicing defects (such as pseudoexon insertions). 
This splicing modulation causes the degradation of the transcript and a consequent reduction of protein levels. 
Alternatively, transcript degradation can also be achieved by using AONs binding to the pre-mRNA to disrupt 
the open reading frame and degrade transcripts via nonsense-mediated decay (NMD). Gapmers, in contrast, 
can bind to both pre-mRNA and mRNA and activate RNase-H1 RNA degradation. (Created with BioRender. 
com) 


2 Mechanisms of Action 


21 Splicing The majority of existing therapeutic AONs are designed to alter the 

Modulation splicing pattern of specific pre-mRNAs [1]. This can be used to 
treat disorders caused by splicing alterations, which with the cur- 
rent widespread availability of better and cheaper sequencing 
options are being identified more easily and can be specifically 
targeted [2 ]. 


2.1 Exon Exclusion In many genes, deleting an exon would result in the production ofa 
(Shortened Proteins) non-functional protein, as their structure and function would be 
compromised. However, there are some cases in which internally 
“trimmed” proteins could be partially functional due to the exis- 
tence of less-vital structures within a large protein. Mutations in the 
DMD gene disrupt the open reading frame (ORF) and the expres- 
sion of the dystrophin protein, leading to Duchene muscular dys- 
trophy (DMD). In contrast, in the much milder Becker muscular 
dystrophy mutations in the same gene that maintain the ORF 
produce an internally deleted but functional protein. This real-life 
example was rapidly seized as an opportunity to achieve the same 


2.1.2 Exon Inclusion 


21.3 Splicing 
Redirection 
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effect using therapeutic AONs, and several of the recently approved 
AON molecules target different DMD exons [3-9]. Because there 
are many different DMD mutations, the skipping specific exons 
would be therapeutic for different subsets of patients. 

This concept has also been employed in the development of 
new AONSs to skip in-frame exons carrying single-nucleotide 
changes generating premature stop codons in large genes. Muta- 
tions in USH2A cause either Usher syndrome (deafness combined 
with blindness) or isolated blindness in the form of retinitis pig- 
mentosa. Exon 13 of USH2A is prone to carry truncating variants 
and by deleting it, a protein with residual function is potentially 
produced [10, 11]. This is also the case ofa stop codon introduced 
by a variant in exon 36 of CEP290, which is naturally skipped at low 
levels in the retina and involved in retinal dystrophy. AONs 
designed to skip exon 36 restored the reading frame and produced 
a functional protein able to rescue the cellular phenotype in patient- 
derived cells [12]. Following the same strategy, AON molecules to 
skip different exons of COL7A1 have been developed for dystro- 
phic epidermolysis bullosa, a skin disease inherited in both domi- 
nant and recessive fashion [13-16]. 


A seemingly opposite mechanism of action is at the core of nusi- 
nersen, an AON approved for the treatment of spinal muscular 
atrophy (SMA). In this case, mutations in the SMNI gene cause 
low or lack of SMN protein production. However, SMN protein 
can be produced by two nearly identical genes, $MNI and SMN2. 
The latter, however, contributes at very low levels due to the high 
rate of exon-7 skipping that disrupts the ORF. Nusinersen is used 
to alter the splicing of SMN2 and include exon 7, and therefore 
produce sufficient amounts of SMN protein to ameliorate the 
patient’s disease [17, 18]. 


Variants close to the splice sites result often in either exon skipping 
or exon elongation. In the second scenario, mutations decrease the 
recognition of the original splice site and a cryptic splice site present 
in the intron is recognized; in the most extreme case, the entire 
intron is retained. Exonic variants may cause a synonymous or a 
predicted non-deleterious missense change at protein level, and in 
addition they can have a dramatic effect at RNA level by creating a 
novel splice site. In any case, these splicing defects are also amenable 
for AON intervention. For instance, a mutation in exon 3 of 
USHIC linked to deafness generates a novel splice donor site 
(SDS) upstream the regular SDS of the exon. This new SDS is 
preferentially used by the cells, leading to a disrupted reading 
frame. By using AONs to block the newly generated SDS, the 
normal transcript can be produced [19]. A similar approach has 
been used to target the exon elongation caused by near-exon 
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2.1.4 BDeep-Intronic 
Variants 


22 Transcript 
Degradation 


22.1 RNase H1- 
Activating Antisense 
Oligonucleotides (Gapmers) 


intronic variants in ABCA4 linked to Stargardt macular degenera- 
tion. This study showed that by blocking the newly created SDS the 
normal splicing can be restored. However, this approach turned out 
to be not that successful when targeting exon elongations caused by 
variants in the splice acceptor site (SAS) [20]. 

Another elegant way to modulate splicing using AONS is by 
targeting the non-productive transcripts. These transcripts often 
are generated by (a) alternative splicing causing insertion or skip- 
ping of exons; (b) using alternative cryptic splice sites; and 
(c) retaining the introns. In any case, these splicing events lead to 
a disrupted ORF being the transcript degraded via nonsense- 
mediated decay (NMD). A very recent study has shown that 1246 
potentially disease-associated genes present at least one of these 
non-productive transcripts. By targeting these splicing events to 
insert or skip an exon, exclude a retained intron, or redirect splicing 
when a cryptic splice site is used, the overall protein levels can be 
increased and this might be a promising therapeutic tool for hap- 
loinsufficiency cases [21 ]. 


For many years intronic variants have been ignored. This is mainly 
because they lay in the non-informative regions of our genome, the 
introns. However, the implementation of novel and more robust 
sequencing tools has contributed to solve the missing heritability in 
several diseases by discovering deep-intronic mutations with a det- 
rimental effect on pre-mRNA splicing. The study ofthese variants is 
complex but with the help of novel bioinformatic (e.g. SpliceAI 
[22]) and molecular tools (mini/midi/maxi-genes [23 ]), it is pos- 
sible to predict the effect at pre-mRNA level. These variants often 
result in the insertion ofa pseudoexon, a piece ofthe intron that it is 
recognized as an exon and leads to a disruption of the ORF and 
consequently the generation of a premature stop codon. Pseu- 
doexon exclusion can be achieved by using AONs. In the ABCA4 
gene, AONs have shown splicing correction for most of the 
35 intronic variants identified as cause of Stargardt disease [24-30]. 


Antisense technology can be extremely useful to degrade transcripts 
and cause gene silencing (knockdown). From the therapeutic per- 
spective, this might be a potential tool to treat autosomal dominant 
diseases caused by dominant-negative mutations. In this case, by 
degrading specifically the mutant allele, the correct protein can 
perform its function properly. 


These antisense molecules are characterized for being able to 
actively reduce the levels of the mRNAs in the nucleus and cyto- 
plasm [31], therefore they are very useful to downregulate gene 
expression. These RNase Hl-activating AONs or gapmers are chi- 
meric molecules linked using a phosphorothioate (PS) backbone 
that usually present a conformation 5-10-5, where the two arms 
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consist of five modified RNA nucleotides (2’-O-methoxyethyl 
(2'MOE), 2'-O-methyl (2'OMe) or locked nucleic acid (LNA)) 
flanking ten DNA nucleotides [32]. The first-ever AON approved 
by the FDA was fomivirsen, a first-generation RNase H1-activating 
AON [33-36] (see Subheading 3). However, this is the only RNase 
Hl-activating AON that does not have the chimeric RNA/DNA 
structure. So far, four molecules using this mechanism of action 
have received FDA and/or EMA approval to treat different disease 
conditions [32]. 

Gapmers can be used to downregulate genes in allele- 
independent and allele-specific manner. Below, we review some 
examples of each case. 

Allele-independent mRNA degradation is often used to target 
genes or pathways that are overexpressed in certain disease condi- 
tions or can worsen the disease progression. Thus, reducing the 
levels of particular genes can be very beneficial. This is the case for 
two of the approved AON drugs: mipomersen and volanesorsen. 
These molecules target the mRNA of the apolipoprotein B-100 in 
familial hypercholesterolemia or apolipoprotein C3 in familial chy- 
lomicronaemia syndrome, hypertriglyceridemia and familial partial 
lipodystrophy, respectively, to lower the levels of specific lipids 
increased in these diseases [37—41 ]. 

In contrast, allele-specific mRNA degradation aims to target 
only the mutant allele. This way, specific mutations that cause a 
dominant-negative effect can be targeted. This is the case of ino- 
tersen, a gapmer designed to target the mRNA encoding the trans- 
thyretin (TTR) protein in autosomal dominant hereditary 
transthyretin amyloidosis [42, 43]. A single-nucleotide change in 
the gene produces misfolding of the TTR protein. As TTR protein 
needs to tetramerize in order to conduct its function, the addition 
of mutant monomers into the tetramer affects the overall function. 
Systemic amyloid depositions are formed, leading to progressive 
polyneuropathy of the sensory and motor systems with multiorgan 
dysfunction in late-disease stages. The therapeutic gapmer targets 
the mutant allele to reduce the amount of tetramers containing the 
mutant protein, and therefore prevent the aforementioned deposi- 
tions [42, 43]. Another recent example is the use of gapmers to 
specifically degrade the mutant allele introduced by a mutation in 
the COCH gene, which causes autosomal dominant hearing 
impairment [44]. In this study, two strategies were used to degrade 
the mutant transcript: directly targeting the mutation or other 
single-nucleotide polymorphisms (SNPs) in cis with the mutation 
that are part of the mutant haplotype. 


Splice-switching AONs can also be used to induce transcript deg- 
radation. Skipping regular exons can also be used to knockdown 
the function of an undesired gene, by creating mRNA isoforms that 
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encode non-functional proteins or trigger degradation of the 
mRNA by NMD [45]. For instance, exon skipping of hepatic 
APOB100 was able to sustainably reduce LDL cholesterol levels 
in mice [46], downregulation of MAPT gene has been proposed as 
a possible treatment for tauopathies [47], and skipping exon 2 of 
ALK5 may modulate the TGF-f signaling cascade, reducing the 
components related to the overproduction of extracellular matrix in 
hypertrophic scar [48 ]. 


3 Therapeutic Potential 


3.1 Examples of 
Clinical Trials for 
Muscle Diseases 


While years ago oligonucleotides were considered a useful research 
tool and just a curiosity in the clinical market, this has rapidly 
changed into approved therapeutic strategies for several diseases 
and promising personalized treatments for many other (rare inher- 
ited) diseases. In this section, we will focus on the development of 
AON-based therapeutic strategies for two particular tissues: muscle 
and retina. 


The use of AONs to treat neuromuscular disorders has been at the 
forefront of the clinical development of AON-based therapies and 
more than half of the AONSs currently in the market target either 
Duchenne muscular dystrophy (DMD) or spinal muscular atrophy 
(SMA). As previously described, AONSs targeting the DMD gene 
aim to skip specific exons to restore the reading frame. This gene 
has 79 exons and patients present a large variety of mutations, 
mostly deletions and duplications, that require the design of specific 
AONS to treat a small subset to patients. The first such drug, 
eteplirsen, targeted exon 51 of DMD. Skipping this exon could 
potentially be therapeutic for 13% of DMD patients [3, 6]. Since 
then, golodirsen, viltolarsen, and casimersen have been approved, 
all applicable to decreasing percentages of patients [9, 49, 50]. 

All DMD exon-skipping drugs currently in the market are 
phosphorodiamidate morpholino oligomers (PMO). In contrast, 
the development of the first AON drug in clinical trials for this 
disorder, drisapersen (a 2'OMe/PS oligonucleotide) [51] as well as 
that of many others targeting DMD with the same chemistry were 
halted due to side effects [52]. Despite the apparent success of 
PMO chemistries to reach the market, these drugs are yet not 
very efficient, and their clinical outcomes are still poor. This is the 
main reason why they are yet to be approved in Europe, while in the 
USA and Japan have been given “accelerated approval” based on 
dystrophin protein expression as a surrogate endpoint, which is 
very low and there is debate about its clinical relevance [53]. Cur- 
rently, several efforts are driven toward increasing the delivery 
efficacy of these drugs to the target tissue [32, 54]. Several next 
generation AONS targeting the same exon as eteplirsen (exon 51) 


3.2 Examples of 
Clinical Trials for Eye 
Diseases 
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have been or are being developed. This is the case of the stereopure 
suvodirsen, which was halted after poor results in a phase I clinical 
trial (NCT03907072) or the peptide-conjugated PMO currently in 
Phase I/II clinical trials (MOMENTUM, NCT04004065). 

While AONs for DMD do not offer yet the clinical benefits that 
were hoped to achieve at initial stages, the journey to their devel- 
opment has provided very valuable lessons to stakeholders inter- 
ested in developing these drugs, particularly in the context of 
orphan drugs [55]. A drug that benefited from some of the previ- 
ous knowledge was nusinersen, a 22MOE/PS AON targeting 
another neuromuscular disorder (SMA). Nusinersen was approved 
only months after eteplirsen and has been quickly approved world- 
wide due to the robust clinical data derived from the clinical trials 
[18, 56]. As described before, this AON is based on an exon 
inclusion approach to restore the expression of SMN protein in 
motoneurons. In this case, the target tissue is treated directly by 
intrathecal infusion, circumventing any delivery hurdles that may 
have hampered the efficacy of AONs targeting muscle or other 
organs when delivered systemically. Indeed, nusinersen’s delivery 
approach, chosen chemistry and formulation has been replicated in 
several z-of-1 clinical trials of other AONS targeting motoneurons, 
such as milasen and jacifusen (NCT04768972) [57] (see 
Subheading 4). 


The eye is one of the most promising organs for therapeutic devel- 
opment. Among other characteristics, it is contained, easily accessi- 
ble, and immune-privileged [58]. In fact, the first-ever 
FDA-approved AON (fomiversen) was a first-class oligonucleotide 
to treat human cytomegalovirus retinitis, an eye condition in 
immunocompromised patients [33-36]. Furthermore, a growing 
group of genes and mutations causing retinal diseases have been 
targeted at preclinical level using AONs. This includes pseudoexon 
exclusion for CEP290 [59-63], OPA1 [64], CHM [65] USH2A 
[66], and ABCA4 [24-29]; splicing modulation for USH2A [10] 
and CEP290 [12]; or transcript degradation for NR2E3 [67] and 
RHO [68]. Three of these molecules are currently in different 
clinical trial phases detailed below. 

The most advanced molecule in a clinical setting is sepofarsen 
(QR-110). This is a 17-mer 2'OMe/PS oligonucleotide aiming to 
correct the inclusion of a pseudoexon caused by a deep-intronic 
mutation in CEP290-associated autosomal recessive Leber congen- 
ital amaurosis [69]. In the phase 1/2 clinical trial 
(NCT03140969), all patients were injected with an initial loading 
dose of either 320 or 160 ug followed by a maintenance dose every 
3 months (160 or 80 pg) [70, 71]. Interim results showed that 
sepofarsen was well tolerated and safe with no serious adverse 
events [70, 71]. Although the final results of the trial have not yet 
been published, the improvement that most patients showed led to 
the design and approval of a phase 2/3 clinical trial (Illuminate, 
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NCT03913143). This is a multi-center, double-masked, rando- 
mized, controlled, multiple-dose study to evaluate efficacy, safety, 
tolerability, and systemic exposure in patients older than 8 years 
carrying the specific mutation in at least one of the two alleles. Two 
different doses and a sham-procedure group will be assessed, for a 
total period of 2 years. In addition, two other clinical trials for the 
same molecule are ongoing. One is the extension of the phase 1/2 
clinical trial to continue treating the patients of the first trial by 
administering sepofarsen every 3 months in both the already inter- 
vened and the contralateral eye (NCT03913130). The second is a 
multi-center, open-label, dose-escalation, and double-masked ran- 
domized controlled trial to evaluate safety and tolerability in chil- 
dren below age of 8 years old (Brighten, NCT04855045). 

A multi-center phase 1/2 clinical trial to assess safety and 
tolerability of QR-421a (Stellar, NCT03780257) is currently 
ongoing. This 21-mer 2'MOE/TS oligonucleotide aims to skip 
the frequently mutated exon 13 of USH2A [10] causing autosomal 
recessive Usher syndrome or isolated retinitis pigmentosa. Prelimi- 
nary results, presented in a press release seem to indicate that 
QR-42 1a is well tolerated with no serious adverse events. Further- 
more, after treatment with this molecule, improvements in several 
measures of vision were detected. With these encouraging results, 
two preliminary phase 2/3 clinical trials have been designed in 
order to study different patient populations based on the best 
corrected visual acuity. Both trials will be double-masked, rando- 
mized, controlled, 24-month, and multiple-dose study (Sirius and 
Celeste). 

The third molecule in a clinical setting is QR-1123, a gapmer 
designed to degrade the mutant allele (known as P23H) in the 
RHO gene [68], which has a dominant-negative effect leading to 
autosomal dominant retinitis pigmentosa. Thus, the hypothesis is 
that by degrading the allele carrying the mutation, the other allele 
will be able to produce a functional protein. This molecule is in an 
early stage of a multi-center open-label, double-masked, rando- 
mized, phase 1/2 trial (NCT04123626). 

Other molecules for eye-related genetic diseases in late stages of 
preclinical development are QR-504a for TCF4-associated Fuchs 
endothelial corneal dystrophy and QR-411 for pseudoexon exclu- 
sion in USH2A-associated Usher syndrome or isolated retinitis 
pigmentosa. 

As well as to target specific mutations, AONs have also been 
explored for multifactorial eye conditions. This is the case of pri- 
mary open angle glaucoma, in which TGF-f2 was targeted with a 
14-mer 3 + 3 LNA-modified gapmer in a phase I clinical trial. 
Results showed that the molecule was tolerated, safe and potentially 
clinically efficacious [72]. Besides this, other type of antisense 
molecules (small interference RNA, siRNA) have been clinically 
tested for glaucoma [73], dry eye syndrome [74], diabetic macular 
edema [75], and age-related macular degeneration [73, 76, 77]. 
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4 Future of AON Trials and Personalized Medicine: n = 1 Trials? 


5 Hurdles 


In 2019, an AON molecule (milasen) to treat a single patient 
pushed the bounds of personalized medicine and raised many 
regulatory and ethical questions never explored before for genetic 
treatments [57, 78]. 

Milasen was customized exclusively for Mila, a child suffering 
from a form of Batten disease (neuronal ceroid lipofuscinosis 7) 
caused by the insertion of an SVA (SINE-VNTR-Alu) retrotran- 
sposon, with a detrimental effect on splicing, in the intron 6 of the 
MFSDS gene [57 ]. Using a 22-mer 2’MOE/PS AON it was possi- 
ble to redirect splicing avoiding the insertion ofthe SVA in the final 
mRNA transcript. Besides the exclusivity of this treatment, another 
extraordinary achievement was that it took only 13 months to go 
from the clinical diagnosis to the first dosing: Mila had a clinical 
diagnosis in mid- November of 2016, the genetic defect was identi- 
fied in May 2017, approval to proceed was received in January 2018 
and first patient dosing occur in the same month. 

The AON delivery regime via intrathecal bolus injection was 
highly similar to the one of nusinersen, the AON used for SMA 
[17, 18, 56]. The treatment did not show any safety concerns and 
the frequency and duration of the seizures was reduced. Unfortu- 
nately, despite the treatment had some effect, Mila passed away 
early 2021. Nevertheless, this study is the hallmark of personalized 
medicine, and although not all diseases are amenable for this type of 
therapies, it has highlighted this as a possible approach and man- 
aged to re-evaluate the speed and type of safety studies and regu- 
latory requirements. In a similar development, a drug was designed 
and provided to patient suffering from amyotrophic lateral sclerosis 
(ALS) with mutations FUS gene, following the same delivery route 
as nusinersen and milasen. Unfortunately, this patient, Jaci Herm- 
stad, also died recently. However, the drug originally developed for 
this single patient, ION363 or jacifusen, is currently being tested in 
a phase III trial for patients with the same disease 
(NCT04768972). Thus, AON technology can be considered as a 
platform for individualized treatments which may, sometimes, be 
extended to other patients. 


A drawback when compared to small molecule drugs is the rela- 
tively large size of AON molecules which limits their delivery into 
the cells where they exert their action. Therefore, their distribution 
is limited, their naked uptake is poor, and it is highly determined by 
the chemistry of their backbones [54]. Often, these AON mole- 
cules are not even able to reach their target organ. To circumvent 
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6 Conclusions 


this, most of these AONs rely on their conjugation or formulation 
with different delivery systems to be able to reach and access their 
intracellular targets [32]. In addition, when delivered systemically, 
these molecules can barely reach the central nervous system due to 
the blood retina and brain barriers. However, as described before, 
local delivery of naked modified AONSs to these specific organs have 
shown to be efficient and safe in several clinical trials [17, 18, 56, 
70,71, 79]. 

Another drawback is the high exposure of certain organs upon 
systemic delivery of AONs. For instance, after intravenous injection 
of AONS a significant proportion is taken by the liver and kidney. 
This limits the biodistribution to other tissues and derivate on toxic 
effects in these organs. However, many of the liver and kidney 
injuries were found when using high and not clinically relevant 
doses of AONs [32]. In that sense, novel delivery methods or 
conjugates are required to be able to target the organs of interest 
and bypass the high clearance by the liver and kidneys. 

Finding proper models to assess the sequence-dependent effi- 
cacy and safety of AONs is still a pending issue. Their safety assess- 
ment is often performed in rodents, non-human primates, and 
human plasma. However, these studies only provide sequence- 
and chemical modification-specific effects. The generation of 
humanized models have provided very good results, however, gen- 
erating a humanized animal model for every mutation to be tar- 
geted is not feasible nor ethical. It is also possible to generate almost 
any human cell from patient-derived cells reprogrammed to a plu- 
ripotent stage. While these models can provide good readouts at 
RNA, protein, or even functional levels the entire context will still 
be missing. Currently, significant efforts are being made in the 
generation of organ-on-chips. This technology allows the combi- 
nation of multiple tissues or even organs to study the interaction 
between them and test therapeutic interventions [80, 81]. In addi- 
tion, this technology enables other type of measurements that in 
the near future might be very valuable to perform drug screenings 
and evaluate the efficacy and safety of many molecules, including 
AONSs [80-83 ]. 

Finally, clear guidelines and novel clinical trial designs are 
needed to explore the full therapeutic potential of AONs when 
investigated as treatments for rare diseases. The case of milasen 
has proven that this is possible and new of such trials are being 
planned. 


The therapeutic potential of AONs has been, for many years, 
subject of speculation and theoretical discussion and, while these 
molecules were widely applied in a research laboratory setting, their 
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Abstract 


Bifunctional antisense oligonucleotide (AON) is a specially designed AON to regulate pre-messenger RNA 
(pre-mRNA) splicing of a target gene. It is composed of two domains. The antisense domain contains 
sequences complementary to the target gene. The tail domain includes RNA sequences that recruit RNA 
binding proteins which may act positively or negatively in pre-mRNA splicing. This approach can be 
designed as targeted oligonucleotide enhancers of splicing, named TOES, for exon inclusion; or as targeted 
oligonucleotide silencers of splicing, named TOSS, for exon skipping. Here, we provide detailed methods 
for the design of TOES for exon inclusion, using SMN2 exon 7 splicing as an example. A number 
of annealing sites and the tail sequences previously published are listed. We also present methodology of 
assessing the effects of TOES on exon inclusion in fibroblasts cultured from a SMA patient. The effects of 
TOES on SMN2 exon 7 splicing were validated at RNA level by PCR and quantitative real-time PCR, and at 
protein level by western blotting. 


Key words Antisense oligonucleotide, Bifunctional antisense, Pre-mRNA splicing, TOES, Splice 
switching, Exon inclusion, Exon skipping 


1 Introduction 


Harnessing antisense oligonucleotides (AONs) to redirect the 
altered pre-messenger RNA (pre-mRNA) splicing and modulate 
target gene expression is an efficient therapeutic strategy for genetic 
disorders associated with alternative splicing. A number of AON 
approaches have been investigated on redirecting pre-mRNA splic- 
ing. The original strategy is to use AONs complementary to a 
cryptic splice site to prevent its use and favored selection of the 
authentic site [1]. This approach has been used regularly to alter 
the proportion of splice isoforms produced from mutated genes or 
alternative splicing units. In addition to blocking the splice sites, 
alternative splicing events are often controlled by regulatory pro- 
teins bound to exonic and intronic elements located beyond the 
alternative splice sites. A valid approach is to use AONSs to directly 
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target exonic or intronic elements by blocking the binding of 
regulatory proteins to these elements that are involved in pre- 
mRNA splicing. This strategy has been successfully used to aug- 
ment the exon 7 inclusion in SMN2 gene by using a short AON to 
target an intronic splicing silencer (ISS) within the gene [2- 
5]. Nusinersen, an 18-mer AON annealing to the ISS-N1 element 
in SMN2 intron 7 is the first antisense drug approved by the US 
Food and Drug Administration (FDA) for treatment ofany types of 
spinal muscular atrophy (SMA) [6-8]. This strategy has also been 
proved to be very effective in Duchene muscular dystrophy (DMD) 
by promoting the skipping of an exon in the DMD gene to restore 
the interrupted reading frame hence partial rescue of the functional 
dystrophin protein [9, 10]. Three AON drugs, eteplirsen for exon 
51 skipping and golodirsen and viltolarsen for exon 53 skipping in 
the DMD gene, have been approved by the FDA for treatment of 
DMD [11-13]. 

The other splice switching approach is the use of bifunctional 
oligonucleotides to increase the number of positively or negatively 
acting signals in an exon or intron and to regulate the alternative 
splicing. The oligonucleotides were designed with one domain (the 
antisense domain) annealing to the target exon or intron, and 
another domain (the tail domain) containing a sequence that either 
recruits RNA binding proteins involved in pre-mRNA splicing [14] 
or is made of a synthetic protein domain covalently linked to the 
antisense domain [15]. This approach may be designed as targeted 
oligonucleotide enhancers of splicing (TOES) for exon inclusion 
[14, 16], or as targeted oligonucleotide silencers of splicing 
(TOSS) for exon skipping [17]. 

The effectiveness of TOES as a potential therapy for SMA by 
augmenting exon 7 splicing in SMN2 gene has been approved both 
in vitro in cellular model [14, 16] and in vivo in mouse model [18- 
20]. A bifunctional oligonucleotide targeted to SMN2 exon 7 was 
expressed in transgenic mice within a modified U7 snRNA gene. 
Expression of the TOES-U7 RNA in a mouse model of SMA 
produced a substantial improvement in function and lifespan 
[20]. Two other bifunctional oligonucleotides targeting the intro- 
nic splicing silencers in $M N2intron 6 and intron 7, which have the 
dual effects of blocking the silencer and recruiting activator pro- 
teins, also showed the potential therapeutic effects in the transgenic 
mouse models of SMA [18, 19]. 

We describe here the details in design of bifunctional oligonu- 
cleotide for exon inclusion by correcting $M N2 exon 7 splicing as 
an example (Fig. 1). TOES oligonucleotides are designed to con- 
tain two domains, an antisense domain complementary to 
sequences of SMN2 gene and a tail domain comprising sequences 
known as binding moieties for splicing activator proteins. The 
following design principles for TOES oligonucleotides are fol- 
lowed: (1) the antisense sequence may anneal to the potential 
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Antisense 
domain 
CAAAAUCUGUUUUAGY 
JELELEELELLG L I 


—ttacagGG TTTTAGACAAAATCAAAAAGAAGGAAGGTGCTCACATTCCTTAAATTAAGG Agtaagt--- 
Tra2B binding SF2 binding 


Fig. 1 Design of TOES to promote SMN2 exon 7 inclusion. The sequence of SMN2 exon 7 is in upper case and 
the flanking introns in lower case. Nucleotide 6 in SMN2 exon 7 is T (in red). Two shaded sequences are the 
binding sites of Tra2p and SF2/ASF, respectively. TOES is designed with two functional parts, the antisense 
domain to anneal to nucleotides 2-16 in SMN2 exon 7, the tail domain containing 3 repeats of "GGAGGAC" 
motifs to recruit the SR protein SRSF1. Cap contains five nucleotides at the 5'-end of the tail (in green, which is 
chemically modified) 


splicing silencer binding sites in either intron 6, exon 7 or intron 
7, and should avoid any splicing enhancer binding sites; (2) a 
number of splicing enhancer motifs (e.g. SF2/ASF, SRSF1, and 
hTra2B1) may be included in the tail domain to improve the 
effectiveness of the oligonucleotides; (3) chemical modification 
can be applied to the antisense sequence, but not to the tail domain, 
which may inactive protein binding to the tail domain. The effects 
on exon inclusion are evaluated at RNA and protein levels in 
fibroblasts cultured from a patient with type II SMA carrying 
three copies of $M N2 gene. 


2 Materials 


2.1 AON Design 1. Online software to identify splicing motifs, e.g., Human Splic- 
ing Finder (http://www.umd.be/HSF/HSF.shtml). 


2. Online software to predict the secondary structures of the 
target gene and AONs (http://rna.urmc.rochester.edu/ 
RNAstructure.html). 


3. Online software to calculate oligonucleotide properties on 
annealing temperature, GC content, and self-complementary 
(http://biotools.nubic.northwestern.edu/OligoCalc.html). 


22 Synthesis and 1. Oligonucleotides are synthesized commercially by Eurogentec 
Preparation of Ltd. (www.eurogentec.com). 
Bifunctional 2. RNase and DNase-free distilled water (see Note 1). 


Oligenticientidas 3. RNase and DNasefree 1.5 mL Eppendorf tubes. 
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2.3 Culture of Skin 
Fibroblasts from SMA 
Patient 


24 Fibroblast 
Transfection 


25 RNA Extraction 


26 cDNA Synthesis 


27 Polymerase 
Chain Reaction (PCR) 


2.8 Quantitative 
Real-Time PCR 


. Growth 


medium: Dulbecco’s modified eagle medium 
(DMEM), 10% Fetal Bovine Serum (FBS), 1% Glutamax. 


2. Trypsin-EDTA. 


nn FW t2 — 


. Phosphate-buffered saline (PBS). 
. Incubator set at 37 °C and 5% CO3. 


. Transfection reagent (e.g. Lipofectamine 2000). 
. Reduced serum medium for transfection (e.g. Opti- MEM). 
. 6 well plate or 35 mm diameter culture dish. 


. Sterile 1.5 mL Eppendorf tubes. 


. RNA isolation kit. 

. B-mercaptoethanol. 

. 70% ethanol (molecular grade). 

. RNase-free water. 

. 1.5 mL RNase-free Eppendorf tubes. 


. NanoDrop spectrophotometer. 


. cDNA synthesis kit. 
. Thermocycler. 
. 0.2 mL PCR tubes. 


. cDNA template from Subheading 2.6. 
. Taq Polymerase. 
. Primers (10 uM forward primer and 10 uM reverse primer). 


Primers sequences are shown in Table 1. 


. POR buffer: 10x PCR buffer, 10 mM dNTPs, 50 mM MgCh, 


Taq DNA polymerase (5 U/uL), and nuclease-free water. 


. 0.2 mL PCR tubes. 

. Thermocycler. 

. Tris-Borate-EDTA 1 x (TBE) buffer. 
. Agarose. 

. DNA gel stain. 

. Loading buffer. 

. DNA ladder. 


. Gel imaging system. 


. cDNA template from Subheading 2.6. 
. qPCR primers (10 pmol/pL each). Sequences are shown in 


Table 1. 
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Table 1 


Sequences of primers used for exon 7 inclusion quantification by PCR and quantitative real-time PCR 


Assay Products 


PCR Full-length SMN2 
(505 bp) 
A7 SMN2 (451 bp) 


qRT- Full-length SMN2 
PCR (133 bp) 
A7 SMN2 (125 bp) 


Annealing Tm 
Sequences (5/3) (C) 


F: CTC CCA TAT GTC CAG ATT CTC TT 55 


R: CTA CAA CAC CCT TCT CAC AG 


F: ATA CTG GCT ATT ATA TGG GIT TT 60 
R: TCC AGA TCT GTC TGA TCG TTT C 
F: TGG ACC ACC AAT AAT TCC CC 
R: ATG CCA GCA TTT CCA TAT AAT 
AGC C 


29 Western Blotting l. 


2 
3 
4 
5 
6 
7 
8 
9 
10. 
ll. 
3 Methods 
3.1 Design of l. 
Bifunctional 
Oligonucleotides 


. Universal SYBR Green Master Mix. 
. 96-well real-time PCR plate. 

. Sealing film. 

. Real-Time PCR Thermal Cycler. 


Protein extraction buffer: 0.25% SDS, 75 mM Tris-HCl 
(pH 6.8), or RIPA buffer. 


. Protease inhibitor cocktail tablets. 

. Pierce BCA Protein Assay Kit. 

. PBST washing buffer (PBS, pH 7.4, 0.1% Tween 20). 

. Mini gel tank and blot transfer set. 

. NuPAGE 10% Bis- Tris precast gels, LDS sample buffer (4x), 


SDS running buffer (20x), antioxidant, sample reducing 
buffer, transfer buffer (20x), methanol. 


. Protein molecular weight ladder. 
. PVDF membrane. 
. Odyssey blocking buffer for PVDF membrane blocking. 


Antibodies: mouse  anti-S5MN monoclonal antibody 
(BD Transduction Laboratories), mouse anti-B-tubulin mono- 
clonal antibody (Sigma), IRDye 800CW-conjugated goat anti- 
mouse secondary antibody (Li-Cor). 


Odyssey imaging instrument to quantify western blot signals. 


Predict the potential binding motifs of the negative splicing 
regulator heterogeneous nuclear ribonucleoprotein Al 
(hnRNP AL) in the target intron or exon sequences, using 
Human Splicing Finder online software. 
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3.2 Transfection of 
SMA Fibroblasts 


l. 


. Other splicing repressors, such as intronic splicing silencers and 


exonic splicing silencers, may also be identified in the literature. 
A number of annealing sites in intron 6, exon 7, and intron 
7 have been reported to augment SMN2 exon 7 splicing by 
bifunctional AONs (Table 2) (see Note 2). 


. AONS, of 15-20 mer in length, are designed to anneal to the 


potential binding sites of hnRNP ALI or other splicing silencers. 


. The GC content of each AON sequence should be 40-65%, 


with an ideal content of approximately 60%. 


. Avoid four consecutive “G,” strong secondary structure or self- 


complementary sequences, and self-dimers. 


. Chemical modifications, e.g., 2'- O-methyl and locked nucleic 


acid (LNA), may be applied to the antisense sequence to 
improve stability and increase binding affinity. 


. Select the tail domain. Examples are listed in Table 2. 


. No chemical modifications are recommended in the tail 


domain except the cap sequence (Fig. 1) [16] (see Note 3). 


Seed the cells in a 6-well plate at a concentration of 2 x 10? 
cells per well, which gives 80% confluence on the next day. 


2. Cells are cultured in 2 mL of growth medium for 24 h. 


. 24 h later, change the growth medium to 1 mL Opti-MEM and 


leave the cells in the incubator during the preparation of trans- 
fection mixes. 


. Prepare the transfection reagent mixes in sterile 1.5 mL tubes. 


For each sample, prepare two mixes: the first mix (Mix A) 
contains 100 uL Opti-MEM and 1 pL AON at desired concen- 
tration (e.g. 1 uL AON at 100 uM to get a 100 nM final 
concentration). While for the mock control add only 100 pL 
Opti-MEM. The second mix (Mix B) contains 100 pL Opti- 
MEM and 5 uL Lipofectamine 2000. 


. Mix the AON-containing tube (Mix A) with the lipofectamine- 


containing tube (Mix B) at a ratio of 1:1 (100 pL + 100 pL). 


.Incubate the transfection. mix for 20 min at room 


temperature (RT). 


. Add 800 pL Opti-MEM in the transfection mix to top it up to a 


final volume of 1 mL. 


. Remove Opti-MEM from the 6 well plate and replace with 


] mL transfection mix in each well. 


. Incubate the plate for at least 6 h at 37 °C with 5% CO, (see 


Note 4). 
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(IN-SSI) 
[8] £T-IGL 5050bnonononaonaonbonbn aanovonnvovvnov ous Surputq [V dNwUuYy Z vonu 
vvvovvonn 
[6] WILY 55VODVVOO55VODVVODSD5VODVVO vanovavovavavavnao (TH) T wows 9 uon 
VVvovvonn 
[6] JSV/CHS VOOVOVOVOOVOVOVOOVOVO vanovavovavavavnao (IH) T3usumyq 9 uomu 
(IN-SSI) 
[ot] WALT 55VoOo5Vvooo5voovvooovoovvo oonobonvvauvonanovoanvo ous Surputq [V IANAYY 7 vonuy 
(IN-SSI) 
[or] JSV/CHS VOOVOVOVOOVOVOVOOVOVO O55no05nvvauvoaanovoanvo aus Surputq [V IANAYY Z Uou 
[Z *«] IH$98WS | VO55V55VOD5VO5DVOD5VODVOV ovvvvaüonoannanvo (SSH) IVdNWUg — Zuoxq 
92u8J9J9H uiajojd (,£-,6) ureuop pie} 3y} jo aoouanbag (¢-,S) ulewop Buipuiq asuasnuy uoxo 
Dunini29y ulewop asuasmue 3y} jo aouanbag /uonuj 


uoisnjoui Z uoxa ZNINS 104 pəufısəp sNOV Ieuonounj-iIq payiodes au 


éaiqel 
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3.3 Splicing Assay of l. 


Bifunctional AONs on 


SMN2 Exon 7 Inclusion 2. 


at RNA Level 
3 
4 
3.4 Bifunctional l. 
AONs on Restoring 
SMN Protein Measured 
by Western Blotting 


Extract RNA from SMA fibroblasts using RNeasy Mini Kit 
according to manufacturer’s instruction. 

Reverse transcription: the cDNA is synthesized from 500 ng 
RNA using cDNA Synthesis kit according to manufacturer’s 
instruction. 


. PCR of SMN2 transcripts: Use 1 pL cDNA in a 25 pL PCR 


reaction with 500 pmol of each primer (Table 1), 200 uM of 
dNTPs, 1.5 mM MgCh, 2.5 units of Taq polymerase and 1 x 
PCR buffer. The PCR amplification program is as follows: 
1 cycle with 3 min at 94 °C (initial denaturation), 25-30 
subsequent cycles of 30 s at 94 °C (denaturation), 30 s at 
55 °C (annealing), and 30 s at 72 °C (extension), followed by 
a final 10-min extension at 72 °C. Check an aliquot of the PCR 
product (5-10 pL) in 1.5% agarose gel electrophoresis and 
SYBR safe DNA stain using an UV transilluminator. The top 
band is the full-length SMN2 product (505 bp). The lower 
band is the product without exon 7 (A7 SMN2, 451 bp). 


. Quantitative real-time PCR of full-length and A7 SMN2 tran- 


scripts: product specific primers (Table 1), cDNA and 1x PCR 
Master mix are mixed in a 20 uL PCR reaction. The program 
includes activation at 95 °C for 3 min, 40 cycles of 95 °C for 
10 s, and 60 °C for 1 min. The cycle at which the amount of 
fluorescence is above the threshold (Ct) is detected. For quan- 
tification, it is possible to use the standard curve method pro- 
duced from serial dilutions of cDNA from untreated SMA 
fibroblasts, or the AACt method. Normalize the ratios of 
full-length SMN2 and A7 SMN2 to a housekeeping gene 
(e.g. HPRTI or GAPDH) (see Note 5). 


Remove culture medium from the well. Add 100 pL ice-cold 
lysis buffer to the cells. Keep on ice for 5-10 min. Collect 
lysates using cell scrapers to fresh 1.5 mL Eppendorf tube and 
homogenize thoroughly with pipette. 


. Centrifuge at 12,000 x g and 4 °C for 10 min. Transfer the 


supernatant to a fresh tube. 


. Measure protein concentration by a NanoDrop spectropho- 


tometer using the Pierce BCA Protein Assay Kit according to 
the manufacturer's instructions. 


. Load 5 mg total protein into NuPAGE precast gels and then 


electrophorese. 


. Transfer electrophoretically separated proteins from the gel to a 


PVDF membrane. 


. Block the PVDF membrane for 1 h in blocking buffer. 


. Incubate the membrane with the primary antibodies at 4 ^C 


overnight on a shaker. 


4 Notes 


Acknowledgments 


References 


Design of Bifunctional Antisense Oligonucleotides for Exon Inclusion 61 


8. 


Wash the PVDF membrane for 3 x 10 min in PBST buffer. 


9. Incubate the PVDF membrane with fluorescence secondary 


10. 


antibody for 1 h at room temperature. 


Wash for 3 x 10 min in PBST and detect bands using the 
Odyssey Imaging software (Image Studio). 


. DEPC-treated RNase-free water should be avoided to dissolve 


oligonucleotides. Dissolved AONs should be aliquoted and 
stored at —20 ^C and avoid repeated freeze-thaw. 


. For TOES design, the most efficient binding sites of the anti- 


sense domain will be the validated exonic or intronic splicing 
silencers. For exonic silencers, the binding site is favorable to 
the upstream of the exon. 


. If the antisense domain anneals to an exon, it should avoid 


inducing any potential exon skipping of the binding exon. 


. Chemical modification of all the RNA nucleotides through the 


entire tail domain may reduce the binding affinity to protein. 
However, chemical modification may be only added to the last 
five nucleotides at the 5'-end of the tail domain (cap, as shown 
in Fig. 1) to improve the stability while still keep its binding 
affinity. 


. The duration of transfection can be prolonged to overnight or 


24 h. For cells less tolerant to lipofectamine transfection, 
shorter incubation period, e.g. 6 h, is recommended. 


. Itis recommended at least two housekeeping genes are used in 


the quantitative real-time PCR assay. 
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Design and Delivery of SINEUP: A New Modular Tool 
to Increase Protein Translation 


Michele Arnoldi, Giulia Zarantonello, Stefano Espinoza, 
Stefano Gustincich, Francesca Di Leva, and Marta Biagioli 


Abstract 


SINEUP is a new class of long non-coding RNAs (IncRNAs) which contain an inverted Short Interspersed 
Nuclear Element (SINE) B2 element (invSINEB2) necessary to specifically upregulate target gene transla- 
tion. Originally identified in the mouse AS-Uchl] (antisense Ubiquitin carboxyl-terminal esterase L1) locus, 
natural SINEUP molecules are oriented head to head to their sense protein coding, target gene ( Uchl1, in 
this example). Peculiarly, SINEUP is able to augment, in a specific and controlled way, the expression of the 
target protein, with no alteration of target mRNA levels. SINEUP is characterized by a modular structure 
with the Binding Domain (BD) providing specificity to the target transcript and an effector domain (ED)— 
containing the invSINEB2 element—able to promote the loading to the heavy polysomes of the target 
mRNA. Since the understanding of its modular structure in the endogenous AS-Uchl1 ncRNA, synthetic 
SINEUP molecules have been developed by creating a specific BD for the gene of interest and placing it 
upstream the invSINEB2 ED. Synthetic SINEUP is thus a novel molecular tool that potentially may be 
used for any industrial or biomedical application to enhance protein production, also as possible therapeutic 
strategy in haploinsufficiency-driven disorders. 

Here, we describe a detailed protocol to (1) design a specific BD directed to a gene of interest and 
(2) assemble and clone it with the ED to obtain a functional SINEUP molecule. Then, we provide 
guidelines to efficiently deliver SINEUP into mammalian cells and evaluate its ability to effectively upre- 
gulate target protein translation. 


Key words SINEUP, Long non-coding RNA, Antisense, Translational increase, Physiological 
increase, Therapeutic tool, Haploinsufficiency, Protein manufacturing 


1 Introduction 


The quantitative improvement of protein production in 
mammalian systems is a compelling need for the industrial 
manufacturing of commercially available enzymes, antibodies and 
supplements, but also for gene therapy-based treatments of medical 
conditions. Several technologies are available to address such a 
need, however, they usually consist of introducing exogenously 
constructs containing the protein of interest or directly the target 
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peptide [1]. These approaches still struggle to overcome hazardous 
but invariable hurdles, especially when used as therapeutic tools, 
such as ectopic expression and protein quantity modulation, some- 
times associated with toxicity [2 ]. As an alternative, newly identified 
RNA-based techniques such as small activating RNAs (RNAa) are 
able to target and upregulate endogenous gene transcription 
[3]. In 2012, Carrieri et al. discovered a new class of IncRNAs, 
belonging to the category of natural antisense transcripts (NATs), 
that have the property to increase the protein translation of the 
target mRNA [4]. These transcripts were named SINEUP based on 
their ability to upregulate target protein translation by means of an 
invSINEB2 repeat, leaving unaltered the transcriptional levels of 
the target mRNA. They were first discovered in mice, where 
AS-Uchll1 was found to have a post-transcriptional upregulating 
activity on its sense protein coding counterpart, Uchll mRNA 
[4]. Later studies confirmed and validated the expression of 
SINEUP in human cells [5, 6]. SINEUP molecular mechanism 
relies on its modular structure, composed of two fundamental 
domains: a Binding Domain (BD)—a region at the 5' of the 
IncRNA overlapping head to head to the 5' of the target 
mRNA—and an Effector Domain (ED)—constituted by an invSI- 
NEB2 repetitive element. The BD is crucial for target gene pairing 
and it confers molecular specificity, while the ED is the functional 
part of SINEUP required for loading the target transcript on poly- 
somes and driving the translational increase [4 ]. 

The initial discovery was then supported by the crucial finding 
that the BD could be engineered in order to target a specific mRNA 
of interest, as first demonstrated with Green Fluorescent Protein 
(GFP) [4]. Additionally, miniSINEUP containing only the BD and 
a shorter version of the original ED were also proven to be effective 
[7 ]. This characteristic would enable to overcome the difficulties of 
long molecules delivery, especially for therapeutic purposes in 
which naked RNA molecules administration can be proposed. 
Recently, TranSINE Therapeutics Limited (Cambridge, UK) has 
been founded to translate the SINEUP technology into the clinics 
as therapeutics for haploinsufficiency. 

All together, these findings qualified SINEUP as a flexible tool 
able to upregulate the protein production of virtually any mRNA 
target of interest, affecting solely the translational levels. As such, 
SINEUP molecules demonstrated to be a suitable tool for protein 
manufacturing, able to boost, for instance, the production of 
recombinant proteins and monoclonal antibodies in mammalian 
cells [8-10]. SINEUP molecules are also being studied from a 
therapeutic point of view, since their functional characteristics 
could confer advantages with respect to other gene therapy 
approaches. SINEUP molecules generally upregulate the endoge- 
nous protein of about two- to fivefold (almost within a physiologic 
range) and they are only effective in those districts where the target 
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21 Design and 
Cloning of SINEUP 


mRNA is physiologically expressed, therefore avoiding unspecific 
effects [10]. Finally, by targeting mRNA molecules, SINEUP does 
not introduce stable or unwanted changes in the host genome. 
Thus far, several synthetic SINEUP molecules were successfully 
designed and delivered as potential therapeutic molecules. For 
instance, synthetic SINEUP were designed and successfully used 
to increase the levels of disease-associated proteins in vitro, such as 
Parkinson's disease-associated DJ-1 in three human neuronal cell 
lines [7] and Glial-cell derived neurotrophic factor (GDNF) in 
mouse cell line [11]. Moreover, SINEUP have been used to rescue 
frataxin levels in a cellular model of Friedreich’s Ataxia 
[12]. Concerning in vivo model systems, SINEUP could effectively 
rescue some phenotypes associated with microphthalmia with linear 
skin defects (MLS) syndrome in a medaka fish model of cox7B 
haploinsufficiency [13]. More recently, SINEUP targeting GDNF 
mRNA was tested in a neurochemical Parkinson's disease 
(PD) mouse model [11]. Interestingly, SINEUP-GDNE increased 
endogenous GDNF level for at least 6 months which lead to an 
enhancement of dopamine release in the striatum and an ameliora- 
tion of motor behavior and neurodegeneration, without affecting 
body weight or food intake, common side effects of the ectopic 
expression of GDNF [11]. 

Here, we describe in detail the fundamental steps in order to 
design, clone, and deliver SINEUP molecular tools in the cellular 
system of interest. 


l. Zenbu browser (https://fantom.gsc.riken.jp/zenbu/). 


2. Ensembl genome browser (https://www.ensembl.org/index. 
html). 


3. UCSC genome browser (https://genome.ucsc.edu/). 
4. NCBI (https://www.ncbi.nlm.nih.gov/genomec/). 


5. RNA Fold web server (http://rna.tbi-univie.ac.at/cgi-bin/ 
RNAWebSuite/RNAfold.cgi). 


6. Salt free primers. Use primers to clone the Effector Domain 
from Carrieri et al. [4]: 


(a) For mAS UchlIA5': 5- CAGTGCTAGAGGAGGTCA 
GAAGAG-3 


(b) Rev mAS Uchil fl: 5-CATAGGAGTGTTTCATT-3 
Or primers from Zucchelli et al. [7]: 


(a) FWD EcoRI inmvSINEB2: 5-TATAGAATTCCAGTGCTA 
GAGGAGG-3 
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22 SINEUP Delivery 
into Cellular Model 


= 
N 


13. 


14. 
15. 


— = 
HQ O00 O0 mH wb 


(b) 3REV HindIII imvSINEB2: 5- GAGAAAGCTTAAGA 
GACTGGAGC-3 


. Ultrapure water. 

. Mammalian expression plasmid vector of your choice. 

. Restriction enzymes. 

. T4 DNA ligase. 

. E. coli competent cells. 

. Luria-Bertani (LB-10 g/L Tryptone, 10 g/L NaCl, 5 g/L 
Yeast Extract) broth. 

. Antibiotics of your choice. 

. Maxiprep kit. 

. Molecular grade agarose. 

. DNA gel staining. 

. DNA loading dye. 

. DNA ladder. 


. Electrophoresis apparatus. 


. Target cells of interest. In this protocol we used human 
iPS-derived neuronal progenitor cells (hiNPCs) [14]. 


. Poly-r-ornithine hydrobromide (20 pg/mL). 

. Laminin (3 pg/mL). 

. Dulbecco’s Modified Eagle’s Medium (DMEM). 

. Ham's F-12 Nutrient (HAM F12). 

B27. 

. Penicillin-Streptomycin solution. 

. L-Glutamine. 

. EGF (20 ng/mL). 

. bFGF (20 ng/mL). 

. Heparin (5 pg/mL). 

. hiNPCs culturing medium: 70% v/v DMEM completed with 
30% v/v HAM F12, 2% v/v B27, 1% v/v Penicillin- 
Streptomycin solution, and 1% v/v L-Glutamine and supple- 
mented with EGF (20 ng/mL), bFGF (20 ng/mL) and Hep- 


arin (5 pg/mL). Semi-confluent monolayers of hiNPCs were 
maintained in 5% CO3, 37 °C humidified incubator. 


Enzyme for adherent cellular culture detachment (e.g. TripLE 
in this example). 
Transfection solution (e.g. Nucleofector Solutions—Lonza). 


NucleofectorTM Device (Lonza). 
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A23 RNA and Protein 
Analysis 


3 Methods 


3.1 Binding Domain 
Design and Cloning 


oo N 


10. 
11. 
12. 


13. 


l. RadioImmunoPrecipitation Assay —RIPA— buffer. 

2. Protease and Phosphatase inhibitors (PI and PhI, respectively). 
3. Bicinchoninic acid (BCA) or Bradford protein assay kit. 

4. 
5 
6 


Bovine serum albumin (BSA) standard curve. 


. Western blot apparatus. 
. Specific antibody for the target protein and a housekeeping 


protein. 


. Enhanced ChemiLuminescence (ECL) or equivalent assay. 


. Eurofins PCR primer design tool or equivalent (https:// 


eurofinsgenomics.eu/en/ecom/'ools/pcr-primer-design/ ). 


. ThermoFisher primer analyzer tool or equivalent (https:// 


www.thermofisher.com/it/en/home/brands/thermo-scien 
tific/molecular-biology/molecular-biology-learning-center/ 
molecular-biology-resource-library/thermo-scientific-web- 
tools/multiple-primer-analyzer.html). 


DNAse. 
DEPC-treated (nuclease-free) water. 


Retro-transcriptase containing both oligo(dT) and Random 
Hexamer primers. 


SYBR Green or Taqman reagents. 


Prepare all the solutions using analytical grade reagents with ultra- 
pure water at room temperature, unless otherwise indicated. Solu- 
tions used with cells are filtered or sterilized at the beginning. Cells 
are handled under biological hoods while all the other reactions are 
performed on the bench. Follow safety instructions indicated by 
safety team in your institution. 


l. 


2: 


Retrieve the sequence of your transcript of interest from Zenbu 
browser (https://fantom.gsc.riken.jp/zenbu/) [15]. 


In Zenbu, select the organism in which you will perform the 
experiments (e.g. human or mouse) and search for the target 
gene of interest (see Note 1 and Fig. 1a). 


. Check how many TSS have been characterized for your gene 


and in which tissue/cell line they are expressed (Fig. 1b) by 
selecting the “CAGE libraries" (or other libraries in which you 
are interested). 


. Expand the window in the 5/UTR region containing the TSS in 


order to better appreciate how many TSS have been identified. 
You will see a bar plot in which each bar represents a TSS 
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p IF: a Taza Eo MEER: 5 " Cor EE «2 E: -2 q21.31 
H 20767000 p 20767500 20768000 
"" Entrez gáne hg19 $ 


ENS oboosedeas 4 
"* Gencodev19 genes 
AT ENSG00000 155474. 5 

paea | RefSeq hg19 : AUi im 
— 


Jz eese tran: 
— 


TIS 


B W FANTOMS CAGE phase 1and2 human tracks pooled filtered with 3 or more tags per library and rie normalized [rev:0.02 fwd:0.01 scale:0.02] (mean) rie 


C FANTOMS CAGE phase 1and2 human tracks pooled filtered with 3 or more nage per libre chr13 20766915, 20767248 Be 
experiment name (1829 / 1829) <- anti-sense strand <> sense strand - 

OUrothelial Cells, donor3 : CNhs12122 ctss [rie] 

OBronchial Epithelial Cell, donort : CNhs11327 ctss [rie] 

OUrothelial Cells, donor : CNhs11334 ctss [rie] 


OUrothelial cells. donor : CNhs10843 ctss Iriel 


Fig. 1 Zenbu genome browser interrogation of transcript of interest showing TSS usage in selected model 
system. (a) Zenbu genome browser screenshot showing the genomic location of the gene of interest (in this 
example GJB2) in the human genome assembly 19 (hg19), green arrow identifies the Translation Initiation Site 
(TIS). RefSeq accession number for the transcript of interest (NM 004004, in this case) is also visible. In the 
enlargement in (b) alternative TSS usage identified by FANTOM5 CAGE library (reported as purple bar plots) is 
shown. Both TSSs in the same orientation (reverse strand, purple bar plots) and in the opposite orientation 
(forward strand, green bar plots) of the gene are depicted. The purple box highlights the chosen region in 
which interrogates the browser about the expression of your target transcript. Main TSSs, TSS1, TSS2, and 
TSS3, are indicated by purple arrows. (c) Displays the tracks (experiments) in which the transcript is more 
expressed 


(Fig. 1b); in the window below, the tracks expressing your 
transcript will be displayed (Fig. 1c). Among them, you can 
select the tissue/cells/organ of your interest. 


5. In the identified TSS and the 5'UTR region, design an efficient 
SINEUP molecule in which the BD overlaps the Translational 
Initiation Site (TIS) and expands in the upstream region char- 
acterized for your transcript. 


6. Further test the expression of your transcript(s) using genome 
browsers such as Ensembl genome browser (https://www. 
ensembl.org/index.html), UCSC genome browser (https:// 
genome.ucsc.edu/), or NCBI (https://www.ncbi.nlm.nih. 
gov/genomc/). 

7. Design forward primer (FW) on the 5'UTR and reverse primer 
(RV) on coding DNA sequence (CDS) downstream Transla- 
tional Initiation Site (TIS). 
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-40/432 
-40/+4 
-14/44 


Fig. 2 SINEUP modular structure: Binding domain (BD) design and cloning. (a) Representation of the modular 
structure of SINEUP and the design strategy to obtain BD oriented head to head to its target gene. BDs, in light 
purple, targeting the gene of interest (as an example, the CDS of EGFP is depicted in light green), untranslated 
region (UTR) in gray, Transcriptional Start Site (TSS) in black, and Transcriptional Initiation Site (TIS) in yellow, 
are shown. Different suggested lengths for BD are reported. SINEUP effector domain (ED) in light blue, with the 
antisense region, overlapping TIS is depicted in black-shadowed yellow. Adenine (A) of the TIS is set as 0, BDs 
lengths vary between —40 from the A and +32 nucleotides, —40 and +4 nucleotides, and —14 and +4 
nucleotides, respectively. (b) Example of RNA folding prediction results using RNA Fold web server (http:/rna. 
tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) with default parameters, here reported for EGFP transcript. 
The blue box displays an enlargement of the TIS (in yellow AUG) surrounding region, in which packed 
structures without big hairpin-loop are reported. Minimum free energy (MFE) prediction is used to create 
the output, with base-pair probability in form of a dot plot it depicted. Scale bar reports both base-pair and 
unpair probability for every base colored dot, with 1 highest probability that the base pair as well as 1 highest 
probability that the base unpair with the neighbors (c). (Schematic representation of pcDNA 3.1 vector 
structure obtained from Carrieri C. et al. 2012 [4], BD is depicted in light purple followed by ED in light blue 
are under CMV promoter) 


8. Dissolve salt free quality primers in ultrapure water to obtain 
equal molarity for each primer to a final concentration of 
10 uM. 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


Confirm the expression of your target transcript(s) by PCR in 
your selected model system. 


Run the PCR product onto agarose gel to confirm amplicon 
size, purify PCR product, and sequence with both FW and RV 
primers to validate transcript identity and specificity (see 
Note 2). 


The BD will be designed spanning the TIS of the transcript of 
interest. You can start selecting the “canonical” target 
sequence corresponding to 40 bases upstream and 4 bases 
downstream the TIS (—40/+4) in which 0 correspond to the 
A of the TIS ATG (see Note 3). 


Additional sequences of different length can be designed both 
on the TIS and in region(s) targeting downstream, in-frame 
methionines (see Note 4 and Fig. 2a). A full list of published 
BDs is reported in Table 1. 


On the target region of interest where the BD will be designed, 
evaluate the GC content and the mRNA secondary structure 
using RNA Fold web server (http://rna.tbi.univie.ac.at/cgi- 
bin/RNAWebSuite/RNAfold.cgi—Fig. 2b, see Note 5) 
[19, 20]. 

Further analysis can be performed to understand if other 
IncRNA(s) are generated endogenously from the same genetic 
locus. Albeit not mandatory, this information can give you an 
idea of the specific gene’s structure as well as highlight possible 
competition in SINEUP binding to the target TIS. 


Once selected BDs of interest, perform off-targets prediction 
by interrogating Basic local Alignment (BLAST, https: //blast. 
ncbi.nlm.nih.gov/Blast.cgi) or BLAT (https://genome.ucsc. 
edu/cgi-bin/hgBlat). This information can help to avoid 
SINEUP off-target issues and to prioritize experiments with 
the more specific molecules (see Note 6). 


When you select the region of the transcript in which you want 
to design the BD, you must reverse complement the sense 
mRNA sequence to obtain a SINEUP able to interact with 
the target gene (Fig. 2a). 


For each BD of interest, synthetize the FW primer in a sense 
orientation (5/—-3' orientation) with the restriction enzyme 
needed for insertion into the chosen vector at its 5’ end. On 
the other hand, synthetize the RV primer in an inverted orien- 
tation (3'-5^) with the compatible restriction site at the 5’ end, 
in order to allow primer annealing. 


Equimolar concentration of both primers must be denatured 
for 5’ at 100 °C and cooled slowly (1 °C every minute) to 
obtain double stranded DNA (dsDNA) BD. 
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19. By taking advantage of the restriction sites present in the BD 
and in the selected plasmid of interest, clone every BD 
upstream of the AS-Uchl1 ED. A shorter version of ED called 
miniSINEUP, which still comprehends the invSINEB2 ele- 
ment present in AS-Uchil, should preferentially be used to 
obtain shorter SINEUP (see Note 7) in expression plasmid 
(e.g. pcDNA 3.1 vector from Clontech, Fig. 2c) using T4 
DNA ligase (Fig. 2b). If necessary, inducible or tissue specific 
promoters can be used. 


3.2 Effector Domain You can design the ED and insert in a different plasmid as needed. 

Design and Cloning The ED comprehends an invSINEB2, free right Alu monomer 
(FRAM) or MIRb (Mammalian-wide Interspersed Repeat type b) 
transposable element sequence from natural SINEUP (see Note 8). 
Virtually any of those elements can present SINEUP activity, how- 
ever, the element present in AS-Uchl1 was previously inserted in 
miniSINEUP vectors and it was the most widely characterized. For 
this reason, in this section, we will refer to invSINEB2 cloning as 
ED. 


1. To amplify ED from AS-Uchil you can use primers “For mAS 
UchilA5'"and “Rev mAS Uchll fl” from Carrieri et al. 
[4]. Moreover, to obtain a 170 bp long ED, primers “FWD 
EcoRI znvSINEB2" and “REV HindIII imvSINEB2” from 
Zucchelli et al. [7] which produce a shorter SINEUP called 
miniSINEUP, can be selected. Albeit miniSINEUP retains only 
the invSINEB2 and not the Alu element, this construct was 
successfully used to increase GFP translation [7]. 


2. Add restriction enzymes sites at the 5' end to the primers of 
interest to clone the ED into the desired vector. 


3. After performing PCR, purify the amplicon and confirm the 


correct sequence. 


4. Clone the purified ED in the vector of interest downstream 
the BD. 


5. Transform the ligation product into E. coli competent cells. 


6. Cultured the bacteria in LB broth at 37 °C supplemented with 
the antibiotic required for selection (e.g. kanamycin sulfate). 


7. The empty vector and/or a vector containing only the ED 
(in the case you clone only the BD targeting the gene of 
interest in the vector already containing the ED) must be 
produced as control for ligation. 


8. Verify positive clones by restriction analysis or colony PCR and 
sequencing. 


9. Produce and purify the plasmids containing SINEUP for the 
gene of interest and the empty vector. 
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3.3 SINEUP Delivery 
into Cellular Model 


10. Analyze plasmids integrity on agarose gel and confirm again 
the presence of the insert and its correct orientation by restric- 
tion map and sequencing. 


Different methods such as transfection, electroporation, or viral 
vectors transduction, can be chosen to deliver your plasmid into 
the cells of choice. The selected method should meet a criterion of 
high plasmid internalization efficiency (>60-70% positive cells). In 
fact, SINEUP molecules upregulate protein translation in a physi- 
ologic range (approximately two- to fivefold) so if few cells receive 
the plasmid this effect can be hidden or under-estimated. Here, we 
describe the method which best fits our expectations in hiNPCs 
[14]. For additional information on SINEUP delivery in animal 
and cellular models see Note 9. 

In this protocol we focused on our target cells of choice, 
hiNPCs, for which electroporation represents an optimal method 
of transfection for transient expression. For this purpose, we used 
NucleofectorTM Device (Lonza) and selected the recommended 
protocol for our specific cell line, as well as the advised program 
(A033) ofthe device. Dealing specifically with SINEUP, we recom- 
mend the following: 


1. Start by using 1 pg of SINEUP for every one million cells (see 
Note 10). 


2. Prepare the electroporation mix using the recommended elec- 
troporation solution and each SINEUP you want to deliver as 
well as a solution containing the empty vector as negative 
control. 


3. Resuspend the cellular pellet with the electroporation mix and 
electroporate with the device and program of choice 
(e.g. NucleofectorTM Device, Lonza program A033 for 
hiNPCs). 


4. Collect the electroporated cells and seed them in a mix of 1: 
2 = old:new pre-warmed medium. We recommend seeding the 
cells to reach roughly 40% confluency. 


5. Replace the medium after 6 h of incubation (be careful that 
cells are attached on the well) with new, pre-warmed medium. 


6. If any fluorescent protein (e.g. GFP) reporter gene is present, 
check the fluorescence levels to evaluate delivery efficiency 
(Fig. 3a). 

7. We recommend harvesting the electroporated cells after 
24—48 h, when cells have fully recovered and are transiently 
expressing the delivered constructs (containing SINEUP or 
empty control). 
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Fig. 3 Expected results when SINEUP positively increases target mRNA translation without altering its 
transcriptional level in human induced neural progenitor cells (hiNPCs). (a) Representative image of hiNPCs 
expressing EGFP after electroporation with control vector (SINEUP —) or with SINEUP targeting EGFP (SINEUP 
+). (b) Western Blot image reports target protein expression relative to a chosen reference protein in the 
presence (+) or absence (—) of SINEUP against the target mRNA, EGFP, in this example. (c) Bar graph 
representing fold change quantification of target protein from WB experiments in (b). (d) Bar graphs 
representing normalized expression level of target mRNA upon SINEUP administration (— control SINEUP, + 
SINEUP against target EGFP mRNA). SINEUP presence is depicted in (e). Transcripts expression was obtained 
from qPCR quantification and normalized with a chosen reference gene 


34 SINEUP Efficacy Successful SINEUP function needs to be assessed by transcriptional 

Assessment: and translational analysis, such as qPCR and WB, respectively. In 

Transcription and particular, an increase in protein production between two- and 

Translation Evaluation fivefold changes is expected (Fig. 3b, c) without dysregulation of 
the target mRNA expression (Fig. 3d) when SINEUP is present 
(Fig. 3e). 


l. Apply protocols you routinely use in your lab to extract pro- 
teins from the electroporated cells. We used commercial RIPA 
buffer supplemented with Protease and Phosphatase inhibitors 
(PI and PhI, respectively). 


2. Carefully quantify your proteins using BCA or Bradford pro- 
tein assay kit. Always include the BSA standard curve for pro- 
tein quantification. It is fundamental reliable quantification in 
order to appreciate standard two- to fivefold changes in the 
protein level due to SINEUP delivery. 
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3. 


10. 


ll. 


12. 
13. 


Perform Western blot experiments using a protocol you are 
familiar with; the optimization of WB depends on the target 
protein of interest. 


. Load the same amount of protein (e.g. 20 ug) for all the 


samples. 


. It is crucial to use specific antibodies to recognize the protein 


isoform of interest targeted by SINEUP. In particular, the 
resolved band of the target gene (Fig. 3b) should be clearly 
distinguishable after WB analysis to perform a correct quantifi- 
cation of the protein of interest (Fig. 3c). 


. Be careful with your choice of ECL or equivalent assay. If the 


reagent is not sensitive enough you will not see the band of 
interest; on the other side, many sensitive reagents will not 
allow you to appreciate subtle changes in protein level due to 
saturated bands. 


. Albeit in standard experiments three/five biological replicates 


are considered enough to achieve robust results and to assess 
reproducibility, in this case you may need more replicates (see 
Note 11). 


. Design Quantitative Polymerase Chain Reaction (qPCR) pri- 


mers for the target of interest, a housekeeping gene and 
SINEUP ED by using Eurofins PCR Primer Design online 
tool (https://eurofinsgenomics.eu/en/ecom/tools/pcr- 
primer-design/), but equivalent systems could also be 
employed (see Note 12). 


. All primers should be tested for hairpin and primer dimer 


formation. Here we used multiple primer analyzer (Thermo- 
Fisher; https://www.thermofisher.com/it/en/home/ 
brands/thermo-scientific/molecular-biology/molecular-biol 
ogy-learning-center/molecular-biology-resource-library/ 
thermo-scientific-web-tools/multiple-primer-analyzer.html) 
and Oligo Calc (Northwestern; http://biotools.nubic.north 
western.edu/OligoCalc.html), but similar tools might also be 
evaluated. 


Apply protocols you routinely use in your lab to obtain high 
quality RNA from the electroporated cells. 


Preferentially, perform DNase treatment on your RNA samples 
before proceeding with retro-transcription in order to avoid 
issues due to DNA contamination. 


Always resuspend RNA in DEPC-treated (nuclease-free) water. 


To retro-transcribe RNA to produce cDNA we used a mix 
containing both oligo(dT) and Random Hexamer primers. 
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4 Notes 


14 


15. 


16. 


17. 


18. 


2. 


For qPCR, the Master Mix reagents should be preferred to 
DNA polymerase in order to minimize errors. You can use 
SYBR Green or Taqman systems equally. 


Perform qPCR assay with the cDNA using primers or Taqman 
probes targeting a reference housekeeping gene (such as 
ACTB), the target transcript(s) and SINEUP to assess correct 
expression. 


Calculate the relative mRNA expression level ofthe target gene 
by normalizing treated samples with SINEUP against the 
empty vector and by using 2 ^^** method [21]. 


Normalize the empty vector against the SINEUP sample for 
SINEUP expression (see Note 13). 


Stable mRNA expression from your target transcript should be 
observed (Fig. 3d) when SINEUP is expressed (Fig. 3e). 


. The first step is to identify the specific transcript isoform(s) of 


your transcript of interest that is expressed in the selected 
model system. This step is necessary since your target might 
express alternative isoforms that differ from cell to cell and in 
different tissues. Moreover, the expressed isoform in your cell 
model/tissue would not necessarily be the most characterized. 
Zenbu browser is an on-demand freely available interface that 
allows visualizing data, such as RNA-seq, CAGE (cap analysis 
of gene expression), short-RNA-seq, and ChIP-seq (chromatin 
immunoprecipitation) in the chosen model system. The broad 
spectrum of systems that are annotated could give information 
especially on annotated promoters and transcriptional starting 
sites (TSS) usage. However, not all the systems have been 
characterized and reported in Zenbu [15]. Additional informa- 
tion about how to use Zenbu genome browser, as well as 
methods to detect and analyze SINEUP in cell culture can be 
found in Takahashi et al. [22 ]. 


When you design SINEUP BD, it is important to seek for 
possible Single Nucleotide Variants (SNV) that might hamper 
the annealing capability of SINEUP or the expression of your 
target. 


. Most of the efficient SINEUP BDs characterized until now 


have been designed in this region in order to specifically recog- 
nize the target gene. Specific recognition of transcript originat- 
ing from the gene of interest allows increase in translation of 
the full-length target. We recommend designing BD of differ- 
ent lengths. Optimization of the Binding Domain sequence 
and length is an important step in designing the experiment 
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[17]. Among others, we suggest —40/+32, —40/+4, and 
14/+4 BD regions as the most promising target to be chosen 
for the experiments (as reported in Fig. 2a). 


4. Additional SINEUP targeting in-frame, internal methionine 
can be design if the TIS surrounding region is poorly accessi- 
ble. Although many more experimental evidences support the 
importance of targeting the TIS, the internal, in-frame methi- 
onine of the Frataxin gene was successfully tested and 
provided efficient upregulation of Frataxin protein [12]. In 
fact, SINEUP mechanism is not completely characterized and 
we cannot exclude that target mRNA can be loaded on poly- 
somes by internal bait which does not interfere with transla- 
tional initiation. Moreover, alternative translation might occur 
to downstream AUG codon in the presence of internal ribo- 
somal entry site (IRES) [23 ]. In summary, we prompt research- 
ers to explore also the possibility of targeting internal in-frame 
methionines. 


5. As mentioned in the methods, packed secondary structures can 
impair the sense-antisense pairing of SINEUP molecules, 
decreasing its efficacy. In addition, GC rich region and stem- 
and-loop structures might inhibit translation by blocking ribo- 
some binding [23]. RNA fold web server predicts in vitro 
secondary structure of single stranded nucleic acid by energy 
minimization and/or minimum entropy. This analysis will pro- 
vide hints on the accessibility of the transcript area in order to 
optimize SINEUP binding. Although RNA fold tool can be a 
useful tool, it only mimics the complex physiological condition 
of RNA fold present in vivo. Recently, a novel approach called 
icShape (in vivo click selective 2-hydroxyl acylation and 
profiling experiment) was established to capture the RNA 
structure in vivo in order to overcome the RNA Fold tool issues 
[24]. Although not essential for SINEUP design, we recom- 
mend analysing icShape data to better understand the binding 
capacity of SINEUP to the target area of interest. 


6. While performing off-target analysis, keep in mind that the 
possible off-target transcripts need also to be expressed in the 
model system of your choice to be targeted by SINEUP. On 
the other hand, the TIS or the internal in-frame methionine 
you choose to design SINEUP must be present in the tran- 
script(s) expressed in the tissue of interest for translation to 
occur. 


7. To clone SINEUP you can use a mammalian expression plas- 
mid vector of your choice. Since the aim is to obtain an abun- 
dant and efficient production of SINEUP, the expression 
should be driven by a suitable promoter, Cytomegalovirus 
(CMV) or SV40, frequently employed in mammalian cells 
plasmids. An inducible/tissue specific promoter may be used, 
if needed. 
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8. 


Long sequences of in vitro synthesized RNA molecules can 
generate issues especially during delivery in cells. For this rea- 
son, starting from the original complete sequence containing 
the invSINEB2, Alu sequence, and 3' tail of the natural 
AS-Uchl1, a short functional version was created, called miniS- 
INEUP, encompassing only the invSINEB2 [7, 17]. We sug- 
gest performing the SINEUP experiment using miniSINEUP 
construct, composed by the specific BD and 170 nucleotides 
length ED of invSINEB2 element. Notably, the human tran- 
scriptome does not present invSINEB2 sequences, but func- 
tional SINEUP were discovered in human containing 
embedded FRAM and MIRb transposable element. These 
two functional domains worked as Eds [5]. Although ED can 
be designed either with invSINEB2, FRAM, and MIRb 
domains, we recommend to generate initially ED by using 
invSINEB2 motif that has been extensively and successfully 
used to increase protein translation in different cell lines, 
in vivo in Medaka fish and in a mouse model for Parkinson 
Disease [4—6, 10-13]. Notably, by nuclear magnetic resonance 
(NMR) analysis, it was observed that the secondary structure of 
the invSINEB2 motif is crucial for its function. For this reason, 
when designing the ED containing invSINEB2, it is important 
to include the region between 43 and 58 stem-loop structure 
since this region is likely to be vital for SINEUP function [25]. 


. In vitro and in vivo delivery can be optimized and changed if 


needed. To date, successful SINEUP deliveries were previously 
reported in vitro using Lipofectamine and lentiviral particles in 
human derived fibroblasts [12], in vivo by RNA injection in 
zebrafish embryo [13] and AAV9 vectors injection in the dorsal 
striatum of adult mice [11]. For both in vitro and in vivo, the 
delivery method can vary according to the model of choice, the 
stage and the time window of interest (e.g. transient expres- 
sion, conditional expression or stable expression). The meth- 
ods described here for BD design, cloning and SINEUP 
efficacy assessment steps in cellular models also apply for animal 
systems. However, concerning the delivery step in vivo, 
SINEUP molecules can be delivered and expressed in animal 
models similarly to other RNA-based therapeutics, e.g. by viral 
vectors. Moreover, it is possible to administer in vitro tran- 
scribed SINEUP targeting the transcript of interest instead of 
the plasmid carrying it. If this method is used, you should 
chemically modify the in vitro transcribed SINEUP to better 
stabilize the molecule, by replacing CTP with 5-methylcyti- 
dine-50-triphosphate (m5C); and replacing UTP with pseu- 
douridine-50-triphosphate (‘¥) or N1-methylpseudouridine- 
50-triphosphate (N1mW) [18]. In our experience, it is best to 
test whether the experimental cell system chosen for the 
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10. 


11. 


12. 


13. 


experiment is positively responding to SINEUP administra- 
tion. For this reason, we suggest testing the previously char- 
acterized SINEUP against GFP [4, 7], before moving to 
SINEUP targeting the gene of interest. To analyze the 
SINEUP efficacy on GFP translation, WB analysis as well as 
imaging analysis with semi-automatic detection methods can 
be performed [22]. Of importance, to underlie that protein 
translation is increased due to SINEUP mechanism, qPCR 
should be conducted and report stable expression of the target 
transcript. 


SINEUP molecule can act in a dose dependent manner to 
control protein translation without affecting transcript level 
[7]. To assess the optimal efficiency, different concentrations 
of SINEUP should be tested. 


SINEUP delivery experiments as well as WB and qPCR analysis 
should be performed at least in triplicate to observe statistically 
significant changes. However, depending on the model system 
used, additional experiments may be needed to reach signifi- 
cance. The crucial step is the WB quantification: if the band of 
your target(s) and the reference proteins are not well resolved, 
changes ascribed to SINEUP positive upregulation can be 
difficult to examine. In our experience it is better to set specific 
conditions for WB detection in the chosen model system 
before performing SINEUP experiment. 


Primers or Taqman probes for target gene(s) of interest and 
stable housekeeping gene(s) must be designed in order to 
assess the stability of the target gene(s) upon SINEUP admin- 
istration. In addition, primers or probes targeting SINEUP ED 
must be designed in order to check the correct expression of 
SINEUP into the chosen model system after plasmid delivery 
(if the chosen ED contain the invSINEB2 and Alu elements the 
desired primer can be found in Zucchelli et al. [7 ]). Primers for 
qPCR should be designed in regions spanning exon-exon junc- 
tions to minimize DNA residual contamination, maximize 
PCR efficiency and specificity. 


The different methods for analysing SINEUP and the target 
mRNA expression is needed since for SINEUP, the quantifica- 
tion in qPCR of the empty vector should be close to the 
detection limit of the instrument since little signal can be 
recorded by using the SINEUP specific primer or probes. On 
the contrary, SINEUP expression is expected to be high upon 
delivery of the plasmid containing SINEUP sequence, hence 
that amount is set as default condition one, whereas the empty 
vector quantification should be close to zero (Fig. 3e). 
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Abstract 


Mutations affecting constitutive splice donor sites (5’ss) are among the most frequent genetic defects that 
disrupt the normal splicing process. Pre-mRNA splicing requires the correct identification of a number of 
cis-acting elements in an ordered fashion. By disrupting the complementarity of the 5'ss with the endoge- 
nous small nuclear RNA U1 (U1 snRNA), the key component of the spliceosomal U1 ribonucleoprotein, 
5'ss mutations may result in exon skipping, intron retention or activation of cryptic splice sites. Engineered 
modification ofthe U1 snRNA seemed to be a logical method to overcome the effect of those mutations. In 
fact, over the last years, a number of in vitro studies on the use of those modified U1 snRNAs to correct a 
variety of splicing defects have demonstrated the feasibility of this approach. Furthermore, recent reports on 
its applicability in vivo are adding up to the principle that engineered modification of U1 snRNAs represents 
a valuable approach and prompting further studies to demonstrate the clinical translatability of this strategy. 

Here, we outline the design and generation of Ul snRNAs with different degrees of complementarity to 
mutated 5'ss. Using the HGSNAT gene as an example, we describe the methods for a proper evaluation of 
their efficacy in vitro, taking advantage of our experience to share a number of tips on how to design U1 
snRNA molecules for splicing rescue. 


Key words U1 snRNA-based therapy, Splicing modulation, 5'ss mutations, Aberrant exon skipping, 
Modified U1 snRNA, Mucopolysaccharidosis IIIC 


1 Introduction 


The Ul small nuclear ribonucleoprotein (Ul snRNP) is a key 
molecule involved in an early event of the splicing process. Like 
other snRNPs involved in the overall splicing regulation process, it 
contains a small RNA complexed with several proteins, namely 
seven Smith antigen (Sm) proteins and three U1-specific proteins 
(UIA, UIC, and U170K) [1]. Ul snRNA, the RNA component of 
the Ul snRNP is a 164 nucleotides-long molecule whose 5’ end 
interacts by complementarity with the 5’ splice donor site (5'ss). 
That interaction between the single stranded 5’ tail of the U1 
snRNA molecule and the moderately conserved stretch of nucleo- 
tides that constitutes the 5’ss (CAG/GURAGU, where R is a 
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purine) marks the exon-intron boundary and initiates spliceosome 
assembly [2]. About 4096, 22%, and 5% of normal 5'ss contain two, 
three, or four mismatches towards the Ul snRNA, respectively 
[3, 4]. This variable degree of degeneration is among the major 
factors that significantly contribute to hinder a clear prediction of 
the effect of mutations flanking the canonical GU site. Further- 
more, there is a number of additional elements, which may influ- 
ence the splice site selection and need to be taken into account such 
as splicing silencer and enhancer motifs, the presence of alternative 
splice sites, secondary structures, and regulatory proteins 
[5]. Therefore, a straightforward prediction of the effect of muta- 
tions flanking the canonical GU site without a direct assessment of 
the mature mRNA produced can be quite challenging. Interest- 
ingly, however, it is also the variable degree of degeneration of 5'ss 
and the surprising heterogeneity existing among human spliceoso- 
mal snRNA, which allows for splicing correction using modified 
exogenous Ul snRNAs. 

Overall, the rationale on the use of modified U1 snRNAs to 
correct splicing defects is as simple as it can be: as 5’ss mutations 
alter the 5'ss recognition by the endogenous Ul snRNA, exoge- 
nous Ul sn RNAs may be engineered through complementary base 
pairing in order to correctly recognize the mutated allele and 
initiate spliceosome assembly, thus suppressing the mutation effect. 

So far, the effects of modified Ul snRNAs have been tested 
in vitro in a number of cellular platforms from patient-derived cells 
to model cell lines overexpressing the splicing defects under study, 
and their potential to either fully or partially correct those muta- 
tions was demonstrated for a number of different diseases 
[5, 6]. Importantly, the application of this sort of modified U1 
sn RNAs in animal models has also been addressed in recent studies, 
with a few promising results reported to date [7-10] (see Note 1). 

Globally, mutations affecting constitutive 5'ss represent 
roughly 8% of all known genetic disease-causing variants. Their 
pathogenicity derives from the reduced complementarity of the 
U1 snRNA to the 5'ss. 5'ss mutations mostly result in exon skip- 
ping but their effect over splicing may vary. Currently, there are a 
number of in silico tools that may help predict disease-causing 
effects, but cDNA analysis remains mandatory for a proper assess- 
ment of their consequence over splicing. For example, mutations 
affecting RNA splicing represent more than 20% of the mutant 
alleles in Mucopolysaccharidosis type IIIC (MPS IIIC; HGSNAT 
gene), a rare lysosomal storage disorder that causes severe neuro- 
degeneration. Many of these mutations are located in the conserved 
splice donor or acceptor sites, while few are found in the nearby 
nucleotides. For three mutations that affect the donor site, we have 
previously developed different modified U1 snRNAs with compen- 
satory changes that may allow for proper recognition of the 
mutated 5'ss, in an attempt to rescue the normal splicing process. 
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Fig. 1 Modified U1 snRNA therapeutic approach to correct the pathogenic effect of a 5' splice site mutation on 
the HGSNAT gene. (a) Schematic illustration of base pairing between the wild-type U1 (U1-WT) and the 5'ss of 
wild-type and mutant exon 2 of the HGSNAT gene. The mutation position in the 5’ss is marked in grey and it is 
in italics. The different U1 snRNAs used for the mutated 5'ss of HGSNAT (designated as U1-sup, for 
suppressor) are also shown. The U1 sequence modifications are illustrated in bold. (b) RT-PCR analysis of 
the endogenous splicing pattern of control and MPS IIIC patients derived fibroblasts after transfection with 
different U1 isoforms. The constitutive splicing of exon 2 of the HGSNAT gene was not altered in control 
fibroblasts after overexpression of U1-WT or any of the modified U1 constructs. In the MPS IIIC patients 1 (MPS 
llIC P1) and 2 (MPS IIIC P2), bearing the homozygous mutation c.234+1G>A, only the fully adapted U1 
(U1-sup4) resulted in partial correction of exon 2 skipping 


For the c.234+1G>A mutation, a totally complementary UI 
snRNA allowed for partial correction of exon 2 aberrant splicing 
in patients’ fibroblasts (Fig. 1) [11]. Here, we take advantage of our 
experience on the development of modified U1 sn RNAs to com- 
pensate for those HGSNAT mutations, to present a practical over- 
view on how to design U1 snRNA molecules for splicing rescue. 

In summary, we present an overview ofthe experimental design 
for in vitro testing the potential of modified U1 snRNA vectors to 
correct aberrant splicing caused by 5'ss mutations. Briefly, we show: 
(a) how to design in silico UI's with different degrees of comple- 
mentarity to each mutated 5'ss by introducing a number of 
sequence changes, and (b) how the different U1 vectors harboring 
those alterations are obtained by site-directed mutagenesis of the 
original wild-type (WT) human U1 snRNA-harboring pG3U1 
vector [12], a derivative of pHUI [13]. We also describe how 
these molecules are transfected into patients’ fibroblasts and how 
their effectiveness on splicing redirection can be assessed by post- 
transfection cDNA analysis and sequencing. Finally, we elaborate 
on the relevance of further addressing the treatment's effect at 
protein level. 


92 Liliana Matos et al. 


2 Materials 


21 Generating 
Modified U1 snRNA 
Vectors Adapted to the 
5 ss of Interest 


"do AOU 


12. 


13. 
14. 
15. 


16. 
17. 
18. 
19. 
20. 


21. 
22. 
23. 
24. 


. The Homo sapiens Ul snRNA gene sequence is required to 


design primers for site-directed mutagenesis PCR and can be 
found in the Ensembl database (ENSG00000104852). 


. The sequence of the 5'ss of interest for splicing rescue can be 


found in Ensembl or other reference sequence databases 
(in this particular chapter we used the Homo sapiens HGSNAT 
gene sequence, ENSG00000165102). 


. pG3UI vector [12] a derivative of pHUI [13] (see Note 2). 
. Sense and antisense mutagenic primers. 

. PCR mutagenesis kit. 

. PCR thermocycler. 


. Chemically Escherichia coli competent cells (Homemade or 


commercial; usually are included in the PCR mutagenesis kits). 


. Water bath. 
. Thermomixer. 
. Ice. 


. Super optimal broth with catabolite repression (SOC) medium 


(commercially available). 


Luria-Bertani (LB) agar medium (commercially available; ster- 
ilize by autoclaving) plates with selection antibiotic (100 pg/ 
mL, ampicillin; see Note 3). 


Sterile bacterial cell spreaders. 
Plasmid DNA miniprep purification kit. 


LB liquid medium (commercially available; sterilize by 
autoclaving). 


Ampicillin. 

15 mL conical centrifuge tubes. 
Sterile tips. 

Orbital shaking incubator. 


pG3U1 forward primer (Ul-seq Fw—5' | CACGAAG 
GAGTTCCCGTG 3’). 


Sterile flasks (1 L). 

Endotoxin-free maxiprep plasmid DNA purification kit. 
40% Glycerol (sterilize by autoclaving). 

2 mL polypropylene conical tubes. 


22 In Vitro 
Therapeutic Evaluation 
of Modified U1 snRNA 
Vectors in Human 
Fibroblasts 


22.1 Transfection of 
Modified U1 snRNA Vectors 
in Human Fibroblasts 


22.2 Analysis of Splicing 
Rescue by RT-PCR 
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. Human Dermal Fibroblasts from patients harboring the muta- 


tion under analysis (e.g. fibroblasts from patients’ with MPS 
IIIC, carrying the c.234+1G>A mutation in homozigosity) 
and WT Human Dermal Fibroblasts to use as control. 


. Dulbecco’s Modified Eagle’s Medium (DMEM) + Glutamax 


supplemented with 10% Fetal Bovine Serum (FBS), 5% penicil- 
lin/streptomycin (PenStrep) antibiotics, and 5% amphotericin 
B (Fungizone®). 


. Phosphate buffered saline 1x (PBS). 

. Trypsin-EDTA. 

. CO, incubator. 

. 15 mL conical centrifuge tubes. 

. Refrigerated centrifuge. 

. Neubauer chamber (hemocytometer). 

. Inverted Microscope. 

. Hand cell counter. 

. T-75 cm? cell culture flasks. 

. 6-well cell culture plates. 

. Opti-MEM'?M Reduced Serum Medium. 

. Transfection reagent. 

. 1.5 and 2 mL polypropylene conical tubes. 
. Modified U1 snRNA constructs (see Subheading 2.1). 


RNA isolation kit. 


. Refrigerated centrifuge. 

. 1.5 mL polypropylene conical tubes. 

. Spectrophotometer for nucleic acids measurement. 

. cDNA synthesis kit. 

. Taq DNA polymerase. 

. Oligo(dT)1s primer mix (if required). 

. Gene-specific primers (e.g. HGSNAT primers—Exon 2 Fw: 5' 


ACATGCAGAGCTGAAGATGGA 3’; Exon 3 Rv: 5, GATA 
GATCCGTGCTGGGTG 3’). 


. Ice. 

. RNase free water. 
ll. 
12. 


PCR thermocycler. 


Agarose gel with ethidium bromide for electrophoresis. 


94 Liliana Matos et al. 


13. DNA Ladder (molecular weight size marker). 
14. UV transilluminator. 

15. Sterile scalpel blades. 

16. PCR products purification kits. 


3 Methods 


$31 Generating the To design the primers for producing the desired modified human 

Modified U1 snRNA UI snRNA vectors, it is first necessary to know the sequences of the 

Vectors 5’ss under study, both WT and mutant. Then, it is necessary to 
analyze the complementarity of those sequences with that of U1 
snRNA. Next, several modified U1 snRNA vectors can be designed 
and constructed to have different complementarities to the target 
sequences (Fig. 2). To generate those constructs, the plasmid 
pG3UI1 [12] (kindly provided by Prof. Dr. Belén Pérez) a derivative 
of pHUI [13], containing the coding sequence of the human Ul 
can be used as template for site-directed mutagenesis PCR reactions 
(see Note 2). Depending on the number of mutations to insert in 
the U1 snRNA vector sequence, different mutagenic primer pairs 
need to be designed. 


U1 WT U1 WT 
HGSNAT exon 2 uzuau... ZGSNAT exon 2 
WT 5s e Mutant 57ss 


Loss of base pairing (+1) 


1 


E s 2) UO 3 EET S Fusco 
) Mut 5'ss 5"... CACa Mut S'ss 5"... CACauaug ) Mut 5'ss S'..CACauauguau Mut S'ss 5*..CACauauguau 


auauguau 


Ulsupl 3° GUCtauucaua Ul sup? 3: GUGE U1 sup3 3° Guc i UL sup4 3 GUGiau: 
(IT) (1G+1T) (1G +4) (1G +1T HA) 


Se —— M 
Increased complementarity to the mutant 5'ss 


Fig. 2 Design and construction of modified U1 snRNA vectors. (a) Schematic representation of base pair 
interactions between the U1 snRNA and the wild-type and mutant 5'ss of HGSNAT exon 2, respectively. (b) 
Illustration of the strategy followed to increase the complementarity of U1 snRNA with the mutated 5'ss of 
HGSNAT gene. U1 complementarity was increased stepwise, and to try to compensate for the HGSNAT 
mutation at +1 position, four different U1-adaptations were designed [U1 sup1 (+1T); U1 sup2 (—1G +17); U1 
sup3 (—1G +4A); U1 sup4 (—1G +1T +4A)]. Upper case letters show exonic nucleotides, whereas the lower 
case letters denote intronic nucleotides. Base pairing is indicated by vertical lines and its loss by an X. The 
mutant nucleotide is highlighted in red and the changed nucleotides in the U1 sequence are illustrated in green 


3.1.1 Engineering 
Modified U1 snRNA Vectors 
Adapted to the 9 ss of 
Interest 
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l. According to the different modifications to be introduced in 


the Ul snRNA vector sequence, design sense and antisense 
primers with the desired mutation(s) to be introduced by site- 
directed mutagenesis (see Note 4). 


. Using the mutagenic primers, perform the site-directed muta- 


genesis of the WT U1 snRNA vector using the mutagenesis kit 
(see Note 5). Briefly, mix the Ul snRNA plasmid DNA 
(~40 ng) with primers, buffer, dNTPs (according to the kit), 
apyrogenic water, a High Fidelity Taq polymerase and subject 
the mixture to recommended PCR conditions from the muta- 
genesis kit. The number of PCR cycles varies according to the 
type of the desired mutation(s) (see Note 6); and the number 
(n) of min of the PCR extension step depends on the plasmid 
length, 7 is calculated as 1 min/kb; see Note 7. After the PCR 
reaction is completed, add 1 pL (10 U) of Dpnl restriction 
enzyme to the amplified products and incubate for 1 h at 37 ^C 
to digest the parental dsDNA. 


. Use 1-4 uL of the Dpnl treated DNA reaction to transform 


E. coli competent cells. Briefly, thaw on ice a 50 pL aliquot of 
competent cells and add 1-4 uL of the digested reaction. Swirl 
the tube gently to mix and incubate on ice for 30 min. In a 
water bath or dry thermomixer, heat pulse the tube at 42 ^C for 
45 s and then place the reaction tube on ice for 2 min. Add 
room temperature SOC medium (5x the volume of competent 
cells) and incubate for 1 h with shaking at 600 rpm in a dry 
thermomixer (see Note 8). After incubation spread the appro- 
priate volume (see Note 9) of transformation reaction on 
pre-warmed (37 ?C) LB-agar plates containing ampicillin 
(100 pg/mL) and incubate at 37 °C for 16-18 h (see Note 10). 


. To obtain plasmid DNA minipreps, prepare minicultures of 


selected bacterial colonies to allow their growth. Add 3 mL 
(see Note 11) of LB medium containing ampicillin (100 pg/ 
mL) to a 15 mL tube and using a sterilized pipette tip pick a 
colony and add it into the medium by pipetting up and down 
(or, simply, place the pipet tip into the medium). Repeat the 
procedure for 3-5 colonies. Incubate the tubes in an orbital 
shaking incubator at 220 rpm and 37 °C for 16-18 h. To purify 
the plasmid DNA prepare DNA minipreps using a plasmid 
miniprep purification kit (see Note 12). Select the mutant 
(s) Ul snRNA plasmid(s) by Sanger sequencing analysis 
(U1-seq Fw primer) using ~100 ng of purified miniprep. 


. Once the desired modified Ul snRNA construct(s) are 


selected, propagate them in maxicultures to obtain a high 
quantity of the modified construct(s) that can be used for 
transfection. First, prepare a miniculture of each case according 
to step 4 (see Note 13). Then add 100-150 mL of LB medium 
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containing ampicillin (100 pg/mL) to a sterilized flask(s) (see 
Note 11) and innoculate all the bacterial growth from the 
miniculture(s). Incubate the flask(s) in an orbital shaking incu- 
bator at 37 ^C and 220 rpm for 16-18 h. Using an endotoxin- 
free maxiprep plasmid DNA purification kit, maxiprep the 
plasmid(s) containing the modified Ul snRNA construct 
(s) and perform its sequencing analysis for validation. 


3.2 In Vitro Even though we must always find a balance between the best 
Therapeutic Evaluation possible experimental design and the resources available, adequate 
of Modified U1 snRNA controls may never be forgotten. Still, there is a minimum standard 
Vectors in Human for cell culture experiments that must always be met if we want to 
Fibroblasts draw strong conclusions out of them. Therefore, adequate controls 

to the variables under test should always be included (see Note 14). 


3.2.1 Modified U1 snRNA 
Vectors Transfection in 
Human Fibroblasts 


1. Grow both WT control and patient fibroblasts in T-75 flasks 


with DMEM + Glutamax medium supplemented with 10% 
FBS, 5% antibiotics, and 5% amphotericin B, in an incubator 
at 37 °C with 95% humidity and 5% CO» following standard 
cell culture procedures. 


. On the day before transfection, detach the cells by trypsiniza- 


tion. Briefly, discard the growth medium and wash cells with 
3 mL of PBS buffer. Then, discard the PBS and add 2 mL of 
trypsin-EDTA. Subsequently, incubate cells with the solution 
for 5 min at 37 °C. After this period, check in an inverted 
microscope that cells are detached and add 4 mL of fresh 
medium to inactivate trypsin-EDTA action. 


. Harvest the cells to a 15 mL tube and centrifuge at 500 x g for 


5 min to eliminate any traces of trypsin. 


. Discard the supernatant and resuspend cells in 4 mL of fresh 


medium. 


. Count cells in suspension with an hemocytometer (Neubauer 


chamber). Pipette a small volume of cell suspension (approxi- 
mately 15 pL) to both hemocytometer chambers and count the 
cells present in all four external quadrants of each chamber by 
observing it in an inverted microscope. Considering the 
dimensions of the chamber (1 mm x 1 mm x 0.1 mm), each 
quadrant has a total volume of 0.1 mm?, which equals 
1074 mL. Therefore, the total number of cells in the original 
suspension can be calculated with the following equation: 


N=% x 104 


where N is the total number of cells per milliliter, z is the 
number of cells counted in each quadrant of the Neubauer 
chamber and the 10* factor allows for the correction of the 
total number of cells in 1 mL of cell suspension. 


3.22 Analysis of Splicing 
Rescue by RT-PCR 
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6. For modified Ul snRNA vectors transfection, seed a total of 


1 


5. 


-2.5-3 x 10? fibroblast cells into 6-well plates and grow cells in 
DMEM + Glutamax medium supplemented with 10% FBS, 5% 
antibiotics and 5% amphotericin B, in an incubator at 37 °C 
with 95% humidity and 5% CO;. 


. On the next day (cells at 80-90% confluence), transfect the cells 


with quantities between 1 and 3.5 pg of the modified UI 
snRNA constructs using a transfection reagent according to 
the manufacturer’s protocol (see Notes 15 and 16). 


. 24-48 h after transfection, harvest cells by trypsinization. Dis- 


card the growth medium of each plate well and wash cells with 
l mL of PBS buffer. Discard the PBS, add 500 uL of trypsin- 
EDTA to each well and incubate for 5 min at 37 °C. Then, 
check by microscopy that cells are rounding up and add 1 mL 
of DMEM + Glutamax medium to inactivate trypsin-EDTA. 
Harvest cells to 2 mL tubes and centrifuge at 500 x g for 5 min 
at 4 °C; discard the supernatant; wash cells with 1 mL of PBS 
buffer and centrifuge again. Proceed to RNA extraction or 
store the pellet(s) at —80 °C for future use. 


. Extract total RNA from the transfected human fibroblasts 


using a RNA extraction kit according to the manufacturer's 
protocol Then, perform RNA quantification using a 
spectrophotometer. 


. For reverse transcription, use a cDNA synthesis kit following 


the manufacturer's protocol, and start with 1-2 pg of total 
RNA. The cDNA synthesis reaction can be stored at —20 °C 
or used immediately for PCR amplification. 


. Perform a PCR in standard conditions using a Taq polymerase 


supplemented with its buffer, dNTPs, gene-specific primers for 
a final concentration of 0.4 uM each (e.g. HGSNAT primers), 
2 uL of cDNA, and RNase free water to a final volume of 50 pL. 


. To evaluate the splicing rescue, analyze the amplification pro- 


ducts through agarose gel electrophoresis in an agarose gel 
stained with 5 pL of ethidium bromide (see Note 17). Choose 
a DNA ladder according to the size ofthe amplified band. After 
separation, visualize the gel using an UV transilluminator. As 
an example, Fig. 1 shows the results of the partial correction of 
HGSNAT exon 2 splicing after expression of a modified Ul 
snRNA (totally complementary to the 5'ss of exon 2) in 
patients? fibroblasts. 


Assess the identity of the obtained band(s) by sequencing 
analysis (see Note 18). For this purpose, purify the PCR pro- 
ducts directly with a PCR clean-up kit if there is only one 
amplifed band or when multiple bands are present excise 
each band from the gel and purify them using a gel band 
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3.2.8 Assessment of the 
Effect of U1 snRNA- 
Induced Splicing Rescue at 
Protein Level 


4 Notes 


purification kit. Whatever the case, follow the indications pres- 
ent in the manufacturer’s protocol. 


6. Subject the purified bands to standard automated sequencing 
using gene-specific primers for the amplification 
(e.g. HGSNAT primers). Compare the obtained sequence 
(s) with the reference sequence of the gene of interest 
(retrieved from the Ensembl database) using the Clustal 
Omega bioinformatic tool (https://www.ebi.ac.uk/Tools/ 
msa/clustalo/), in order to analyze the effect of the modified 
UI snRNA’s in rescuing the normal splicing pattern. 


While not included in this chapter, for it is case-specific, the effect of 
modified Ul snRNAs-treatment at protein level is mandatory 
whenever we want to proceed to in vivo studies in order to address 
the true therapeutic potential of a given Ul snRNA molecule. 

Ideally, as soon as we get an RT-PCR pattern that confirms 
splicing correction to some extent, and that rescue is confirmed by 
band excision and Sanger sequencing, the overall effect of that 
rescue at protein level should also be checked. There is a variety 
of methods we can choose in order to address this issue, from the 
direct quantification of enzymatic activity (whenever the gene 
product under analysis has a catalytic activity) to that of the protein 
itself (through Western blot). 

Usually, the method of choice depends on two major factors: 
the protein itself and the assays available im house to assess 
it. Virtually every method from Western blot to immunofluores- 
cence may be informative and provide extra support to the conclu- 
sions drawn from the RT-PCR. Therefore, as a take-home message, 
we would recommend that, whenever designing U1 snRNA mole- 
cules for splicing rescue, the effect should be checked not only at 
cDNA level, but also at protein level. 


1. This chapter is exclusively focused on mutation-adapted U1 
snRNAs. Nevertheless, it is important to refer that there is a 
novel, second generation, of engineered Ul snRNAs, which 
may be used for therapeutic purposes: the so-called Exon- 
Specific U1 snRNAs (ExSpeU1). These ExSpeU1s are comple- 
mentary to non-conserved sequences downstream of mutant 
5'ss. In theory, ExSpeU1 is expected to decrease the potential 
of off-target effects of Ul snRNA-based therapies, while allow- 
ing for a single ExSpeU1 to rescue multiple splicing defects 
that affect a single exon [4-6 ]. 


2. The pG3UI vector [12] {Susani, 2004, TCIRGI-dependent 
recessive  osteopetrosis: mutation analysis, functional 


How to Design U1 snRNA Molecules for Splicing Rescue 99 


identification of the splicing defects, and in vitro rescue by UI 
snRNA} was used, but the human U1 snRNA sequence can be 
cloned in other standard expression vector(s). 


. Store LB-agar plates with antibiotics at 4 °C in the dark. 


4. Mutagenic primers can be designed using the web-based Quik- 


Change Primer Design Program, available online at www. 
agilent.com/store/primerDesignProgram.jsp (we recommend 
to read the “help” section of the program). However, it is 
important to take into account a number of considerations: 


(a) both mutagenic primers must contain the desired muta- 
tion(s) and anneal to the same sequence on opposite 
strands of the plasmid; 


(b) each primer should have between 25 and 45 bases in 
length with a melting temperature (Tm) of >78 °C; 


(c) the desired mutation(s) should be located in the middle of 
the primer (212-15 nucleotides of the correct sequence 
on both sides); 


(d) the primers should have a minimum GC content of 4096 
and should terminate in one or more C or G bases; 


(e) the primers do not need to be 5' phosphorylated and 
purification may either be performed by liquid chroma- 
tography (HPLC) or by polyacrylamide gel electrophore- 
sis (PAGE). 

. To modify the pG3U1 we recommend to use the Quik- 

Change™ II mutagenesis kit (Agilent). However, other site- 

directed mutagenesis commercial kits can be used. The kit 

should be chosen according to the plasmid length and the 
type of mutations to introduce. 


. According to the type of mutation(s) to be inserted in the U1 
snRNA WT sequence, the number of PCR cycles varies. For 
point mutations (1 nucleotide change) use 12 cycles; for single 
aminoacid changes (3 nucleotides) use 16 cycles and for multi- 
ple amino acid deletions or insertions (>4 nucleotides) use 
18 cycles. 


. The number (7) of min of PCR extension step recommended is 
usually 1 min/kb. However, using the QuikChange™ II muta- 
genesis kit (Agilent) we usually increment the time for 2 min/ 
kb. For the pG3U1 plasmid length, 8 min should work, but 
from our experience adding one more min to this step (in this 
case 9 min for extension) gives the best results. 


. Ifa thermomixer is not available, follow the site-directed muta- 
genesis kit manufacturer's recommendations concerning shak- 
ing of transformation reactions. 
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9. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


The entire volume of transformation reaction can be plated on 
a single LB-agar plate. However, depending on the transfor- 
mation efficiency this may originate a huge number of colonies 
which are then difficult to select. Therefore, we recommend to 
use more than one plate and spread different volumes to 
increase the probability to obtain individualized colonies 
(e.g. 200 and 100 pL). When plaquing lower volumes a small 
quantity (1:1) of SOC medium can be added to the transfor- 
mation reaction to dilute and help to spread the transformation 
product. 


If colonies cannot be selected immediately, store plate(s) at 
4 °C. 
The total volume of the tube should allow a volume of air that 


is 5x the volume of LB medium (e.g. 3 mL of LB medium in a 
15 mL tube; 5 mL of LB medium in a 25 mL tube, etc.). 


Before starting the miniprep(s) procedure, a sample of bacterial 
culture can be preserved in a “glycerolate” for future use. For a 
final volume of 1 mL, add a part of bacterial culture and a part 
of sterilized glycerol to a 2 mL tube for a final concentration of 
~10-15% of glycerol. Vortex immediately and store at —80 °C. 


To avoid the need to pick another bacterial colony from an 
LB-agar plate, the glycerolate(s) (see Note 12) can be used to 
prepare a new miniculture. Briefly, defrost the glycerolate on 
ice, scrape it lightly with a pipette tip or aspirate few microliters 
and pipet them up and down into a tube containing the desired 
volume of LB medium and ampicillin (100 ug/mL). Incubate 
the tube(s) in an orbital shaking incubator as recommended in 
step 4 of Subheading 3.1.1. 


In the transfection experiments here referred (see step 7 of 
Subheading 3.2.1) we included two negative controls: one 
where only the transfection reagent was added to the cells 
and other where the minigene expressing the WT U1 sequence 
was transfected on cells. 


For liposome-based transfection of fibroblasts, Lipofectamine” 
2000 (Invitrogen) or other commercial lipofection reagent can 
also be tested. To further increase transfection efficacy, the 
modified U1’s can also be inserted into the cells by the electro- 
poration technique. For both methods we recommend to opti- 
mize the amount of transfection reagent according to the 
quantity of modified U1 and number of cells to transfect. 


To assess transfection efficiency, transfect fibroblasts with a 
control plasmid encoding GFP or REP and monitor fluores- 
cence by microscopy. Also, the cell uptake of the modified U1’s 
can be confirmed by PCR with specific primers (Ul Fw—5' A 
TCGAAATTAATACGACTCA 3' and Ul Rv—5’ CTGGGA 
AAACCACCTTCGT 3’). Otherwise, clone the WT human U1 
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Nanoparticles 
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Abstract 


Gold nanoparticles (AuNPs) can be used as carriers for biomolecules or drugs in cell culture and animal 
models. Particularly, AuNPs ease their internalization into the cell and prevent their degradation. In 
addition, engineered AuNPs can be employed as sensors of a variety of biomarkers, where the electronic 
and optical properties of the AuNPs are exploited for a convenient, easy, and fast read out. However, in all 
these applications, a key step requires the conjugation of the different molecules to the nanoparticles. The 
most common approach exploits the great affinity of sulfur for gold. Herein, we summarize the methods 
used by our group for the conjugation of different molecules with AuNPs. The procedure is easy and takes 
around 2 days, where the reagents are slowly added, following an incubation at room temperature to ensure 
the complete conjugation. Finally, the unbound material is removed by centrifugation. 


Key words Gold nanoparticles, Spherical nucleic acid, Functionalization, Oligonucleotides, Nano- 
medicine, Metal nanoparticles, Conjugation, Drug delivery, Sensors 


1 Introduction 


Oligonucleotides and drugs face some challenges for their optimal 
delivery in cells and animal models. Particularly, oligonucleotides 
(e.g., antisense, gapmers, and siRNAs) usually present low stability 
and suffer from reduced cell internalization and selectivity [1, 2] 
and, for these reasons, transfection reagents such as lipofectamine 
are usually employed to improve delivery. On the other hand, drugs 
can be too hydrophobic and require solubilizing molecules (e.g., 
dimethylsulfoxide [DMSO], ethanol). However, these kinds of 
chemicals present critical restrictions such as cytotoxicity or limited 
loading. To overcome these drawbacks, delivery systems based on 
nanoparticles can be employed [3]. There are different types of 
nanoparticles such as liposomes, micelles, dendrimers, inorganic 
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particles, carbon-based nanostructures, viral nanocarriers, poly- 
meric, peptide or metallic nanoparticles, etc. [4-12]. Each vehicle 
presents different characteristics that can be exploited to address 
specific challenges related to the delivery of bioactive molecules. 

Among the different systems, gold nanoparticles (AuNPs) 
present excellent properties for the delivery of oligonucleotides 
because of their low toxicity, cost, and particularly their ease of 
preparation and functionalization [13]. AuNPs can be synthesized 
in the laboratory through simple methods, such as the one 
described by Turkevich [14] and detailed in Subheading 3.1. 

The properties of AuNPs can be tuned through their modifica- 
tion with oligonucleotides. When the nanoparticles are densely 
loaded with oligonucleotides, the resulting nanostructures are 
known as spherical nucleic acids (SNA) [15]. This kind of nanos- 
tructure presents interesting features, such as high internalization 
in a wide variety of cells and low toxicity. Therefore, these deriva- 
tives can be employed for multiple applications, such as drug deliv- 
ery systems, gene therapy and regulation, or molecular diagnosis 
[16, 17]. 

Regarding the vehiculization of therapeutics, AuNPs can be 
used for the delivery of hydrophobic drugs such as paclitaxel, 
doxorubicin, or AZD8055 without affecting their effectiveness 
[18, 19]. On the other hand, AuNPs functionalized with oligonu- 
cleotides (e.g., siRNAs, gapmers) could be used as a substitute for 
transfection reagents in different applications involving gene regu- 
lation, or even immunomodulatory processes, for the treatment of 
diseases such as cancer, sepsis, skin disorders, diabetes, etc. [16, 20— 
22]. 

In the case of diagnostics, it is worth mentioning that fast and 
accurate point-of-care diagnostic systems are critical in personalized 
medicine. In particular, nucleic acid detection is of great impor- 
tance for the diagnosis and treatment of many diseases caused by 
genetic mutations, infectious agents, or other physiologically 
abnormal circumstances. Conventional methods such as RT-PCR 
offer high accuracy and sensitivity; however, these methods are not 
suitable for routine diagnosis because they are time-consuming and 
need highly trained personnel and expensive equipment. One 
development that seems to simplify the nucleic acid detection and 
we study in the lab is the use of SNA based on a single-stranded 
oligonucleotide with a unique stem-loop structure (Molecular Bea- 
con, MB) [23, 24]. 

This chapter describes how to conjugate drugs or oligonucleo- 
tides to AuNPs, which can be further used as delivery systems of 
therapeutics and sensors. 

To attach any compound to AuNPs, the high affinity of thiol 
groups to gold could be exploited. Thus, the molecules (e.g., 
oligonucleotides, drugs) should be functionalized with linkers 


2 Materials 


21 AuNP Synthesis 


2.1.1 Materials 


2.1.2 Reagents 


2.1.3 Equipment 
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containing sulfur-based moieties, such as thiols or dithiolanes [25], 
which are commented in this chapter. 

AuNPs conjugation requires a few simple steps of addition, 
incubation, and washes. The method might change slightly 
depending on the linker employed for the conjugation, which can 
be designed to control the release or stability of the cargo. In 
general, the use of dithiolane provides more robust structures and 
can be achieved in few hours, whereas the use of thiols implies more 
than 1 day. For the reader’s convenience, we have included the 
preparation of the dithiolane linkers used in our group. The 
approach can be used for the conjugation of drugs, polymers 
(e.g., polyethylene glycol [PEG]), or the preparation of oligonu- 
cleotides in a DNA synthesizer using a tailored solid support, 
usually based on controlled pore glass (CPG). 


— 250 mL round-bottom glass flask. 

— Septum for a 250 mL round-bottom flask. 

— 3.5 cm long magnet. 

— 0.3 um fritted filter for vacuum filtration. 

— 250 mL Erlenmeyer flask with an output for vacuum. 


— Plastic material such as conical centrifuge tubes and microcen- 
trifuge tubes. 


— l mL quartz cuvette. 


— Gold solution: 945.2 uM Hydrogen tetrachloroaurate (III) 
hydrate (AuCl4H3O0) in 100 mL autoclaved Milli-Q grade 


water. 
— Ultrapure reagent-grade water. 


— Sodium citrate solution: 40 mM sodium citrate tribasic dihy- 
drate (118 mg) in 10 mL autoclaved Milli-Q grade water. 


— Hot plate (7 cm radius) with magnetic stirring. 
— Reflux column. 
— Vacuum pump. 


— UV-Vis spectrophotometer. 
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22 Dithiolane-Based 
Linkers Synthesis 


2.41 Materials 


22.2 Reagents 


22.3 Equipment 


50 mL round-bottom flask. 

2-cm long magnet. 

1 septum. 

Thin-layer chromatography (TLC) (sheets of silica gel 60F254). 
Filter paper. 

2000 KDa tubing membrane. 


Lipoic acid. 

N-hydroxysuccinimide (NHS). 

Tetrahydrofuran (THE). 
N,N'-dicyclohexylcarbodiimide (DCC). 

Ethyl acetate (AcOEt). 

Methoxypolyethylene glycol amine (PEG-NH;). 
Drug with a primary amine (e.g., Gemcitabine). 
Dimethylformamide (DMEF). 

Dichloromethane ( CH5CL). 

Methanol (MeOH). 

Threoninol. 

4,4'-Dimethoxytrityl chloride (DMTrCl). 

Dry pyridine (Py). 

Hexane. 

Succinic anhydride. 

Dry CH2Ch. 

4-(Dimethylamino)pyridine (DMAP). 

N, N-Diisopropylethylamine (DIPEA). 

Distilled water. 

Magnesium sulfate anhydrous (MgSO,). 
1-Hydroxybenzotriazole (HBO’). 

Acetonitrile (MeCN). 

CPG: Aminopropyl-CPG, 1000 A. 

Caping reagent A (CAP A): THF /pyridine /acetic anhydride (8: 
1:1). 

Caping reagent B (CAP B): 10% Methylimidazole in THF. 


Flash column chromatography using silica gel (60 A, 
230 x 400 mesh). 


Rotavapor. 


A3 Functionalization 
of AuNPs 


2.3.1 Materials 


2.3.2 Reagents 


23.3 Equipment 


3 Methods 


3.1 AuNP Synthesis 
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Plastic material: one microcentrifuge tube per condition. 


A 96-well plate for absorbance measurements in a plate reader. 


Oligonucleotides with sulfide-based modifications at micromo- 
lar concentration. 


Annealing buffer 3x: 30 mM Tris-HCl, 3 mM EDTA, 
150 mM NaCl. 


Tris (2-carboxyethyl) phosphine hydrochloride solution 
(TCEP). 

Gold nanoparticles (AuNP) with a diameter of 13 + 2 nm (see 
Subheading 3.1). 

Sodium chloride solution: 5 M NaCl. 

Oligonucleotide quantification kit (e.g., Quant-1I™ Oli- 
Green™ ssDNA Assay Kit, Qubit™ ssDNA Assay Kit), includ- 


ing the Quant-iT OliGreen® ss DNA Reagent, TE 20x buffer, 
and oligonucleotide standard. 


Autoclaved Milli-Q grade water. 
PEG modified with a dithiolane group (see Subheading 3.2.2). 


Chemotherapeutic drugs with dithiolane-based linker (e.g., 
gemcitabine) (see Subheading 3.2.3). 


Benchtop centrifuge. 
Vortex mixer. 
Orbital shaker. 


Plate reader suitable for absorbance and fluorescence determina- 
tions using 96-well plates. 


Evaporating centrifuge. 


For the preparation of AUNP (13 + 2 nm) the Turkevich method is 
used [14] as follows: 


l. 
2. 


Turn on the heating plate to 140 °C. 


Add 100 pL of HAuCl, solution (94.52 pmol) in a 250 mL 
round bottom flask containing 100 mL of sterile water. 


. Add the magnet to the round bottom flask. 


. Place the round bottom flask in the heating plate while stirring 


at 700 rpm approximately, with a reflux system, and heat it to 
reflux. 
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5. Prepare the sodium citrate tribasic dihydrate solution in a 
50 mL conical centrifuge tube. 


6. When the mixture boils, add the citrate solution quickly while 
stirring at 700 rpm. 


7. Wait for 15 min and then remove the round bottom flask from 
the heating plate. During this period, the color of the solution 
turns from yellow to red (see Note 1). 


8. Leave the mixture stirring at 300 rpm at room temperature and 
protect from the light for 16 h. 


9. Filter the solution using a 0.3 um fritted filter with the help of 
vacuum. 


10. Determine nanoparticles! size: for proper characterization of 
gold nanoparticles, the size should be measured by TEM and 
the concentration determined by UV-Vis spectrophotometry 
using the Beer- Lambert law. It requires measuring the UV-Vis 
absorbance at 520 nm and using the corresponding extinction 
coefficient (e) for its size [26]. For instance, to determine the 
concentration of 13 + 1 nm AuNPs, which have an extinction 
coefficient (e) of 2.7 x 10* M^! cm™, you should use the 
following equation (Eq. 1): 


; A 
concentration — ——; (1) 
€ 


xL 


where A is the absorbance at 520 nm, /is the optical path in 
cm, and e extinction coefficient in M !! cm 


32 Dithiolane-Based ‘The preparation of the dithiolane-based derivatives of drugs (3) 

Linkers Synthesis and PEG (2) is summarized in Fig. 1 and described in the following 
instructions. In the case of oligonucleotides, the required solid 
support (CPG) containing a dithiolane moiety for the preparation 
of oligonucleotides is also described (7). 


32.1 Compound 1 [2,5- 1. Dissolve lipoic acid (1 equiv.) and N-hydroxysuccinimide (1.2 
Dioxopyrrolidin- 1-yl(R)-5- equiv.) in tetrahydrofuran (0.5 M). 
(1,2-Dithiolan-3-yl) 2. Stir the solution at 0 °C for 10 min. 


Pent. te 
entanoate] 3. Dissolve N,N'-dicyclohexylcarbodiimide (1.2 equiv.) in tetra- 


hydrofuran (3.5 M) and add it slowly to the lipoic acid and N- 
hydroxysuccinimide solution obtained in step 1. 

4. Stir the reaction at room temperature for 5 h. 

5. Filter the mixture using a filter paper and wash the solid with 
cold ethyl acetate. Evaporate the solvent under vacuum to 
obtain compound 1 as a yellow oil. 


o 


yen 
S-g 


Lipoic acid 


o 
NH 
CPG 


o 9 » o 
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Fig. 1 Schematic representation of the synthesis of dithiolane-modified products: PEG, drug, and CPG 


322 PEG (2) 


3.23 Drug-Modified 
Linker (3) 


3.24.4. Compound 4: N- 
(1,3-Dihydroxybutan-2-yl)- 
5-(1,2-Dithiolan-3-yl) 
Pentanamide 


l. Dissolve compound 1 (2 equiv.) and PEG-NH» (1 equiv.) in 
tetrahydrofuran. 


2. Stir the reaction at room temperature for 18 h. 


3. Purify the crude by dialysis with a 2000 KDa tubing 
membrane. 


4. Stir the solution for 18 h to obtain compound 2. 


1. Dissolve compound 1 (2 equiv.) and a drug containing a pri- 
mary amine (e.g., Gemcitabine) (1 equiv.) in dimethylforma- 
mide (0.1 M). 


2. Stir the reaction at room temperature for 24 h. 


Ww 


. Eliminate the solvent in vacuum. 


4. Purify the crude by flash chromatography (CH5Cb:MeOH/ 
25:1) to obtain compound 3. 


1. Dissolve compound 1 (1 equiv.) and threoninol (1.1 equiv.) in 
THF (0.15 M). 


2. Stir the solution at room temperature for 18 h. 
3. Eliminate the solvent in vacuum. 


4. Purify the crude by flash chromatography (CH5Cl;::MeOH/ 
25:1) to obtain compound 4 as a yellow oil. 
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3.2.5 Compound 5: N-(1- 
(bis(4-Methoxyphenyl) 
(Phenyl)Methoxy)-3- 
Hydroxybutan-2-yl)-5-(1,2- 
Dithiolan-3-yl) 
Pentanamide 


3.2.6 Compound 6: 4- 
((3-(5-(1,2-Dithiolan-3-yl) 
Pentanamido)-4-(bis(4- 
Methoxyphenyl)(Phenyl) 
Methoxy)Butan-2-yl)oxy)- 
4-Oxobutanoic Acid 


3.2.7 Compound 7: 4- 
((3-(5-(1,2-Dithiolan-3-yl) 
Pentanamido)-4-(bis(4- 
Methoxyphenyl)(Phenyl) 
Methoxy)Butan-2-yl)oxy)- 
4-Oxobutanamide CPG 


3.3 AuNP 
Functionalization with 
Thiol-Modified 
Oligonucleotides 


1. Dissolve compound 4 (1 equiv.) in dry pyridine (0.3 M). 


2. Dissolve DMTrCl (1.2 equiv.) in dry pyridine (1 M) and add to 
the compound 4 solution in dry pyridine at 0 °C. 


3. Stir the reaction at 0 °C for 30 min, then at room temperature 
for 18 h. 


4. Eliminate the solvent in vacuum. 


5. Purify the crude by flash chromatography (Hexane:AcOEt/1: 
1) to obtain compound 5 as a beige foam. 


l. Dissolve compound 5 (1 equiv.), DMAP (0.1 equiv.) and 
DIPEA (1.4 equiv.) in dry CHCl, (0.13 M). 


2. Dissolve succinic anhydride (1.3 equiv.) in dry CH2Cl, (0.3 M) 
and add the solution slowly to the mixture prepared in the 
previous step at 0 °C. 


. Stir the reaction at room temperature for 18 h. 
. Wash the solution with water 3 times. 


. Dry the organic layer with MgSO,. 


On AU 


. Eliminate the solvent in vacuum to obtain compound 6. 


1. Dissolve compound 6 (1 equiv.) in MeCN (0.05 M). 

2. Dissolve DCC (1 equiv.) and HBO’ (1 equiv.) in MeCN 
(0.2 M) and add to compound 6 solution at room temperature 
for 3 h. 

3. Filter the solution with filter paper and add to the CPG 
(5 equiv. in mg). 

4. Stir the mixture for 3 h at room temperature. 

5. Remove the solvent and wash the CPG with MeOH three 
times and with CH>Cl, three times. 

6. Dry the CPG. 

7. Adda mixture of capping reagents [CAP A:CAP B (1:1)] (1 mL 
per 175 mg of CPG). 

8. Stir the solution for 1 h at RT. 


9. Remove the solvent and wash the CPG with MeOH three 
times and with MeCN three times. 


Oligonucleotides can be easily attached to AuNPs using a thiol- 
based linker, which is commercially available, and most oligonucle- 
otide providers offer this modification. However, the thiol group 
should be deprotected, as detailed below, before incubating the 
oligonucleotides with AuNPs (Fig. 2). 


1. Incubate the oligonucleotide with TCEP (see Note 2) using a 
100x excess relative to the oligonucleotide's thiol (see Note 3) 


Conjugation of Nucleic Acids and Drugs to Gold Nanoparticles 111 


A 
AV MAYA), , SOT 
mete DID N TCEP „n~ DON 
2h RT 
B SS 


i 
c RY 


"m 


0.3M NaCl 
16h om" 


>» 


Thiol-modified oligonucleotide 2020 AuNP Q 


Fig. 2 Schematic representation of: (a) Deprotection of oligonucleotides bearing a thiol moiety. (b) Functio- 
nalization of AuNPs with thiol-modified oligonucleotides 


for 2 h at room temperature and moderate agitation on a mini- 
shaker (e.g., for deprotect 500 uL of an oligonucleotide solu- 
tion at 20 uM (i.e., 20 pmol/LL) use 2 uL of TCEP at 0.5 M) 
(see Note 4). 


2. Add the deprotected oligonucleotide slowly to the AuNP solu- 
tion prepared at 12 nM. 


3. Incubate the mixture for 45 min at room temperature and 
moderate agitation. 


4. Add 60 uL NaCl solution to a final concentration of 0.3 M 
through the addition of small volumes (e.g., 5-10 pL) (see 
Note 5). Vortex the solution quickly after each addition of 
NaCl solution and incubate the sample for at least 10 min on 
a mini-shaker between each addition. 


5. Incubate the sample for 16 h at room temperature on a mini- 
shaker with moderate agitation. 


6. Remove any unbound material by centrifugation at 13.2 rpm 
and 4 ^C for 30 min. After the centrifugation, remove the 
supernatant and save it for later use. The pellet should be 
resuspended by vortexing in sterile water using the same vol- 
ume of water removed to keep the concentration constant. 
Repeat the cleaning step 3 times (see Note 6). 


7. Evaporate the collected supernatants and use the Quant-iTTM 
OliGreen™ ssDNA Assay Kit protocol to determine the 
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3.4 Oligonucleotide 
Quantification 


3.41 Standard Curve 
Preparation 


3.42 Oligonucleotide 
Quantification in AuNPs 


3.5 AuNP 
Functionalization with 
Dithiolane-Modified 
Oligonucleotides or 
Drugs 


3.5.1 AuNP 
Functionalization with 
Dithiolane-Modified 
Oligonucleotides 


unbound oligonucleotide from the solution (see Subheading 
3.4) (see Note 7). 


For the quantification of oligonucleotides in the supernatant, use 
an oligonucleotide quantification kit. In this case, the Quant-iT 
OliGreen kit is used. The general procedure is as follows. 


l. 


. Plot the 


Prepare a standard curve for each oligonucleotide using at least 
5 dilutions of the specific oligonucleotide in TE buffer (1x), 
e.g., 0, 1000, 750, 500, 250 ng/mL. 


. Prepare a solution of Quant-iT OliGreen^ ss DNA Reagent 


(2 ug/mL) in TE (1x). 


. Mix each oligonucleotide dilution from step 1 with 1 mL Oli- 


green solution prepared in step 2. Incubate the solution for 
5 min at room temperature protected from light. 


. Take 200 uL of each solution prepared in step 3 and measure it 


in a plate reader (excitation 480 nm, emission 520 nm). 
P > 


data in a concentration (ng/mL, X- 
axis) vs. absorbance (a.u., Y-axis) graph. Fit the data to a simple 
linear regression model and use this equation to calculate 
future concentrations. 


. Evaporate to dryness the supernatant collected during the 


cleaning of modified AuNPs (see step 7 in Subheading 3.3). 


2. Resuspend the pellet in 1 mL TE (1x). 


. Prepare a solution of Oligreen reagent (2 ug/mL) in TE (1x). 


. Mix the resuspended supernatant with 1 mL Oligreen solution 


(see step 2 in Subheading 3.4.1). Incubate the solution for 
5 min at room temperature protected from light. 


. Take 200 uL of each solution prepared in step 4 and measure it 


in a plate reader (excitation 480 nm, emission 520 nm). 
p > 


. Interpolate the data obtained in the standard curve equation 


(see step 5 in Subheading 3.4.1) to determine the amount of 
unbounded oligonucleotide. 


Oligonucleotides could be attached to AuNPs in a faster way using 
a dithiolane-based linker, which does not require a deprotection 
step, as in the case of thiols (Fig. 3). 


l. 


2. 


3. 


Add the oligonucleotide to 1 mL 12 nM of 13 + 2 nm gold 
nanoparticles (AuNP) (see Note 3). 


Incubate the solution for 15 min at room temperature on a 
mini-shaker at a moderate speed. 


Add 60 uL NaCl solution to a final concentration of 0.3 M 
through the addition of small volumes (e.g., 5-10 pL) (see 


3.5.2 AuNP 
Functionalization with 
Dithiolane-Modified Drugs 


4 Notes 
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Note 5). Vortex the solution quickly after each addition of 
NaCl solution and incubate the sample for at least 10 min on 
a mini-shaker between each addition. 


. Incubate the sample for 4 h at room temperature on a mini- 


shaker at a moderate speed. 


. Continue with the washing steps, as described previously (see 


step 6 in Subheading 3.3) and the quantification of the 
unbound material (see Subheading 3.4) (see Notes 6 and 7). 


In this case, the drugs have to be modified with a dithiolane-based 
linker (Fig. 4), and the AuNPs should be stabilized with oligonu- 
cleotides or PEG containing a sulfide-based linker. In this case, for 
l mL of 13 + 2 nm AuNP (12 nM) add at least 2000 pmol of 
stabilizing agent (e.g. PEG, oligonucleotide) and then the 
required amount of the modified drug for a total of 10,000 pmol 
(stabilizing agent drug) in the solution. 


l. 


Add the stabilizing agent and incubate it for 15 min at room 
temperature on a mini-shaker at a moderate speed. 


. Add the modified drug very slowly and incubate it for 16 h at 


room temperature on a mini-shaker at a moderate speed (see 
Note 5). 


. Wash the nanoparticles as described in step 6 in Subheading 


3.3 (see Note 6). 


. Evaporate the collected supernatant to the initial volume 


(1 mL) to quantify the drug and determine the nanoparticles’ 
loading. 


. Measure the supernatant in a spectrophotometer (according to 


the specific absorbance of the drug) and calculate the unbound 
drug using the Beer-Lambert formula (see Note 8). 


. AuNP solution should be kept in darkness. 


. Keep TCEP under an inert atmosphere to prevent its oxida- 


tion. Once opened, store the compound in 20 pL aliquots at 
—20°C. 


. Duplexes should be annealed from their corresponding oligo- 


nucleotides before conjugation. In short, combine equal con- 
centration and volume of each strand and add the same volume 
of annealing buffer (3x). Then, incubate the sample at 95 °C 
for 10 min and leave to cool slowly to room temperature. 
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Fig. 3 Schematic representation of AuNPs functionalization with dithiolane-modified oligonucleotides 
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Fig. 4 Schematic representation of AuNPs functionalization with a dithiolane-modified drug using oligonucleo- 
tides or PEG as stabilizers 


4. To get a complete functionalization of the nanoparticles, we 
recommend adding 10,000 pmol of the oligonucleotide to 
l mL AuNP (12 nM, 13 nm). 


5. If you see that the AuNPs are being attached to the plastic 
tubes, move the solution to other plastic tubes immediately. 


6. When AuNPs are changing their color to blue, it is due to 
aggregation. If vortexing the solution does not re-solubilize 
them, discard the preparation. 


7. Oligonucleotide quantification could also be done by releasing 
the attached oligonucleotide [27 ]. To do so, treat the sample 
with 1 mM GSH for 8 h 37 *C. Then centrifuge the sample for 
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30 min at 13.2 rpm. Collect the supernatant and measure it as 
described in Subheading 3.3 and 3.4. 


8. Drug quantification could also be done by comparing the drug 
supernatant absorbance or fluorescence with a proper standard 
linear calibration curve of the drug [19] or using analytical 
chromatography (HPLC). 
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Determination of Optimum Ratio of Cationic Polymers 
and Small Interfering RNA with Agarose Gel Retardation 
Assay 


Omer Aydin, Dilek Kanarya, Ummugulsum Yilmaz, and Cansu Umran Tung 


Abstract 


Nanomaterials have aroused attention in the recent years for their high potential for gene delivery applica- 
tions. Most of the nanoformulations used in gene delivery are positively charged to carry negatively charged 
oligonucleotides. However, excessive positively charged carriers are cytotoxic. Therefore, the complexed 
oligonucleotide /nanoparticles should be well-examined before the application. In that manner, agarose gel 
electrophoresis, which is a basic method utilized for separation, identification, and purification of nucleic 
acid molecules because of its poriferous nature, is one of the strategies to determine the most efficient 
complexation rate. When the electric field is applied, RNA fragments can migrate through anode due to the 
negatively charged phosphate backbone. Because RNA has a uniform mass/charge ratio, RNA molecules 
run in agarose gel proportional according to their size and molecular weight. In this chapter, the determi- 
nation of complexation efficiency between cationic polymer carriers and small interfering RNA (siRNA) 
cargos by using agarose gel electrophoresis is described. siRNA/cationic polymer carrier complexes are 
placed in an electric field and the charged molecules move through the counter-charged electrodes due to 
the phenomenon of electrostatic attraction. Nucleic acid cargos are loaded to cationic carriers via the 
electrostatic interaction between positively charged amine groups (N) of the carrier and negatively charged 
phosphate groups (P) of RNA. The N/P ratio determines the loading efficiency of the cationic polymer 
carrier. In here, the determination of N/P ratio, where the most efficient complexation occurs, by exposure 
to the electric field with a gel retardation assay is explained. 


Key words Small interfering ribonucleic acid (siRNA), Agarose gel retardation assay, siRNA/cationic 
polymer carrier complex, Nanoparticles, N/P ratio, Gene delivery 


1 Introduction 


Regulation of a specific gene has been used for the treatment of a 
wide range of diseases such as cardiovascular diseases [1], neurode- 
generative diseases [2], and cancer [3]. RNA Interference (RNAi) 
has become a powerful tool for gene silencing studies due to its 
advantageous properties such as high specificity, effectiveness, a 
minimum amount of side effect, and easy preparation [4]. RNAi 
mechanism was first determined by Andrew Z. Fire, Craig 
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C. Mello, and their colleagues [5]. As a result of their studies, they 
received the Nobel Prize in Physiology or Medicine in 2006. Inter- 
fering RNAs have the ability to silence target genes in cells [6]. At 
this silencing process, 18-31 nucleotides length small RNA mole- 
cules are introduced into cells and induce a sequence-specific gene 
silencing at the post-transcriptional level by blocking mRNAs con- 
taining a matched sequence. 

siRNA is the most commonly used interfering RNA and has 
shown high potential as a therapeutic RNA for gene-based treat- 
ments [7 ]. It regulates the expression of various genes by binding 
to mRNAs in the cell cytoplasm and causing degradation of their 
mRNA target. The siRNA is double stranded in nature and is about 
22 nucleotides in length. Its precursor is initially recognized by 
Dicer RNase and then incorporated with the RNA-induced silenc- 
ing complex (RISC). The siRNA-RISC complex can bind the 
targeting region of the mRNA and lead to a sequence-specific 
cleavage with endonuclease Argonaute-2 (AGO2), thereby reduc- 
ing the expression of the targeted protein [8]. 

Although siRNA has had particular interest in research, there 
are some limitations. The major limitations of siRNAs-based thera- 
peutics are their rapid degradation by serum nucleases, poor cellular 
uptake due to the negatively charged backbone, rapid renal clear- 
ance following systemic delivery, off-target effects, and induction of 
immune responses [9]. In addition, even after siRNA is released 
from the endosome without being exposed to the lysosome and 
released into the cell cytoplasm, gene silencing of the siRNA may 
not be immediately observed [10]. Thereby, before the silencing 
therapeutic effect of siRNA begins, there is always an induction 
period due to the intracellular half-life of the target protein. The 
silencing effect of the given siRNA decreases over time owing to the 
natural degradation of the siRNA molecules in the cell. Moreover, 
the therapeutic effect persists for a limited time in rapidly dividing 
cells such as cancer cells, due to the continuous dilution of siRNA in 
the replication. 

Bare siRNA molecules have poor cellular internalization and 
they need a carrier to enter cells, where their mechanism of action 
occurs. The major challenge in the delivery of nucleic acids is the 
availability of a suitable carrier for transferring siRNA to target cells. 
To do that, there are two main approaches such as viral and 
non-viral vectors [11]. The suitable vectors should provide a high 
degree of transfection for a long period without causing systemic 
toxicity and immunogenicity [12]. Despite the high transfection 
activity of viral vectors, possible damage to host genes, immune 
system stimulation, and infection potential limit its application for 
gene therapy [13]. 

To overcome these limitations different types of delivery sys- 
tems have been designed such as lipid [14, 15], polymer [16], 
peptide [17, 18], dendrimer [19-21], and micelle [22] based 
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vehicles. An ideal siRNA delivery system should be non-toxic, safe, 
and effective. Thus, many studies have focused on the development 
of non-viral vectors with minimal toxicity. Furthermore, the carrier 
systems should assure entrance of siRNA cargos to the cell cyto- 
plasm without being interrupted by biological barriers such as 
serum, cell membrane, and endosome/lysosome [23]. In detail, 
the cell entry of siRNA/cationic polymer carriers is mostly facili- 
tated by the mechanism known as “endocytosis” [10]. In particu- 
lar, siRNA/cationic polymer carriers should be able to have 
endosomal escape. Otherwise, siRNA could be degraded in the 
acidic and enzymatic milieu of endosome/lysosome [24 ]. 

Cationic polymers and lipids have frequently been employed in 
research due to their advantages in gene delivery such as biodegrad- 
ability, low cytotoxicity, structure variety, and easy scale-up produc- 
tion [25]. Therapeutic nucleic acid cargoes are loaded into the 
carrier systems mostly through the positive-negative charge inter- 
actions between positive charges of carrier and negative charges of 
phosphate groups in RNA. However, cationic polymer carriers with 
excess of positive charge may cause toxicity. Cationic carriers cause 
considerable disruption of cellular membrane integrity because of 
the negatively charged constitution of cell membrane [26]. More- 
over, cationic nanocarriers induce cell necrosis due to the positive 
charge [27]. They also cause mitochondrial and lysosomal damage 
and formation of a high number of autophagosomes [28 ]. In order 
to overcome this problem, smart carriers have been developed not 
to cause cell membrane hydrolysis and necrosis so that they can 
deliver the therapeutic agents to the target site [29 ]. Although the 
benefits of nanocarriers in drug delivery have attracted much atten- 
tion and great efforts have been made to investigate better cationic 
carriers, toxicity has always been the main problem of cationic 
carrier applications [30]. Because of this toxicity issue, the number 
of positive charges of polymer carriers should be kept low. In that 
case, the required therapeutic concentration of siRNA could not be 
achieved. Thus, N/P ratio has a great importance for gene delivery. 
Consequently, it is essential to keep the N/P ratio low, which 
indicates the complexation effidency of the anionic therapeutic 
agents and the cationic carriers, in order to prevent cytotoxicity 
from excess amount of cationic polymer carriers. As a result, the 
main aim for optimum N/P ratio is to carry the most efficient 
number of siRNA with minimum number of cationic polymer 
carriers. 

To identify the optimum ratio of N and P, the gel retardation 
assay commonly used for nucleic acid separation could be chosen 
for determination of N/P ratio [31]. This technique is frequently 
utilized for the determination of DNA or RNA fragments based on 
their molecular weight [32]. The phosphate backbone of the DNA 
or RNA is negatively charged, and therefore RNA fragments 
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2 Materials 


migrate to the positively charged anode when placed in the electric 
field for separation, identification, and purification [33]. 

Agarose which, is a pure linear polymer obtained from seaweed, 
is frequently used for gel electrophoresis [34]. The polymer is 
boiled to dissolve in a buffer solution and polymerized in gel 
form by hydrogen bonding when left to cool at room temperature. 
There is no other component such as catalysts required than aga- 
rose. Therefore, preparing agarose gel is simple and fast. The 
advantages of agarose gel electrophoresis are being non-toxic gel 
medium, rapid, and easy to cast of gels and providing well separa- 
tion of high molecular weight nucleic acids [35]. In addition, the 
samples can be recovered from the gel by melting or digesting the 
gel with any agarose enzyme or by treating a chaotropic salt [36]. 

The movement of molecules in an agarose gel depends on their 
size, charge, the type of electrophoresis buffer, and the pore size of 
the gel. In this method, siRNA is forced to migrate through an 
extremely cross-linked agarose base in response to an electric field. 
In the solution, the phosphate groups of the siRNA are negatively 
charged so the siRNA molecule migrates to the positive pole 
(Fig. 1). 

This technique is also being used for determination of the 
complexation efficiency of siRNA/cationic polymer carriers. By 
adding a positively charged polymer to the siRNA, the overall 
charge of the complex is neutralized. Because of decreasing the 
negative charge density of siRNA complex, the movement of 
siRNA/cationic polymer carriers in the gel is getting difficult. If 
the complexation does not happen completely, for example, there 
are free forms of siRNA with siRNA/cationic polymer carriers, the 
free siRNAs travel far away than the complexation forms [37 ]. 

All in all, the movement of a siRNA/cationic polymer carrier 
complexation through a gel depends on (a) size of the complexa- 
tion structure, (b) agarose concentration, (c) type of agarose, 
(d) applied voltage, (e) presence of staining dye, and 
(f) electrophoresis buffer type [38]. After running the samples in 
a suitable dye-containing gel, the complexed and free siRNA can be 
visualized under UV light. 
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Fig. 


1 Agarose gel retardation assay to evaluate siRNA binding efficiency of 


15 kDa cationic polymer complexation with siRNA at different N/P (amine/ 
phosphate) ratios. The gel retardation assay is set as the number of carriers is 
increasing, siRNA is kept constant. The orange-colored rectangle marking in the 
figure shows the optimal N/P ratio (2/1) which is siRNA completely complexed 
with the carriers 


7. Loading Dye. 


. RedSafe nucleic acid staining solution. 
. Ethidium bromide. 

. dH,0. 

. Microwave oven. 

. Gel casting device. 

. Glass beaker. 

. Graduated cylinder. 


Prepare solutions with distilled water and nuclease-free water. 


Store all reagents (except siRNA and loading dye) at room 
temperature. 


l. 


Preparation of tris acetate-ethylenediaminetetraacetic (TAE) 
buffer reagents: Prepare 50x TAE buffer (pH 8.0) with 
40 mM ethylenediaminetetraacetic (EDTA) disodium salt 
(Mw: 336.21 g/mol), 2 mM tris base (Mw: 121.14 g/mol), 
l M Acetic Acid (Mw: 60.05 g/mol) (see Note 1). 


. Preparation of stock solution 5.0 1 50x TAE buffer (pH 8.0): 


Weight 1.21 g of Tris base, 67.24 g of EDTA, and draw 
285.95 mL of acetic acid and dissolve all of them in 5.0 L 
distilled water, carefully. Perform this step on the magnetic 
stirrer and adjust pH 8.0 with hydrochloric acid (HCl) (see 
Note 2). Store the solution at room temperature. 
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22 Polymer 
and siRNA 


3 Methods 


3.1 Calculation of 
Nitrogen to Phosphate 
(N/P) Ratio for 
Complexation for 
siRNA/Cationic 
Polymer Carriers 


3.1.1 Calculation of the 
Amine Groups of Polymer 


3. Preparation of 1x TAE buffer: Draw 20.0 mL of 50x TAE 
buffer solution and complete it to final 1000.0 mL in a glass 
beaker (see Note 3). 


4. Preparation of 1% agarose gel: Weight 1.0 g agarose powder, 
add 100.0 mL of electrophoresis buffer. Agarose powder is 
dissolved in the electrophoresis buffer to the desired concen- 
tration (see Note 4). 


1. Preparation of polymer solution: Add 1.0 mg of polymer in 
1.0 mL of nuclease-free water. Store at 4 °C. 


2. Stock siRNA solution: Dissolve siRNA in nuclease-free water at 
a concentration of 50 pmol. Afterwards, allocate 800.0 uL of 
stock siRNA solution into microcentrifuge tubes (see Note 5) 
and store at —20 °C. 


Following the steps below, the number of siRNA, cationic poly- 
mers, and N/P ratios will be calculated. It is good to create a table 
containing the amounts of siRNA, polymer, loading dye, and dis- 
tilled water, which will be helpful for setting the experiment (see 
Table 1). After the calculation, the complexation siRNA/cationic 
polymer carriers at the different N/P ratios are loaded into gel 
wells, run in the electrophoresis, and visualized under UV light. 

To sum up, the procedure can be simply separated into four 
steps: (1) preparation of materials to be loaded into wells and 
carried out of complexation, (2) preparation of agarose gel and 
loading of samples into wells, (3) running the samples at appropri- 
ate voltage and time, and (4) obtained data and identification of the 
optimum N/P ratio (Fig. 2). 


l. Calculate the molecular weight and the number of amine 
groups of the cationic polymer (or look at the datasheet of 
your polymer if you purchase from a vendor) (see Note 6), i.e.; 


(a) The molecular 
180,000.0 g/mol. 


(b) Amine groups per the cationic polymer: 235 amines. 


weight of a cationic polymer: 


2. Determine the initial dose of the cationic polymer to be used 
and calculate the mole of the cationic polymer, i.e.; 
(a) The cationic polymer dose: 1.0 mg. 


(b) The number of the 
5.5 x 10? mol. 


cationic polymer moles: 


Table 1 
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The siRNA/cationic polymer carrier complexation for different N/P ratios 


Stock polymer 
Well Treatment Stock siRNA solution Loading dye Nuclease free 
number (N/P) solution (uL) (uL) (uL) H20 (uL) 
l DNA ladder - - - - 
2) Free siRNA 1.0 - 4.0 15.0 
3 1.0/1.0 1.0 1.6 4.0 13.4 
4 1.5/1.0 1.0 2.4 4.0 12.6 
5 2.0/1.0 1.0 3.2 4.0 11.8 
6 2.5/1.0 1.0 4.0 4.0 11.0 
7 4.0/1.0 1.0 6.4 4.0 8.6 
8 6.0/1.0 1.0 9.6 4.0 5.4 
9 Free - 10.6 4.0 5.4 
polymer 

5 5 $ 

[0] 

d D à ooo m 

2 8 g 5È T 

a C C 88 


Step 1: Prepare polymer/siRNA 
complex at different N/P ratios and 
incubate for 30 min. 


Free Polymer 


Ža 

[o] 
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Free siRNA 


1.0/1.0 
1.5/1.0 
2.0/1.0 | 
2510. 
4.0/1.0 
6.0/1.0 


Step 4: Image analyze and , 
determine the N/P ratio CNN i 


Step 2: Prepare the agarose gel 
and load each sample into wells. 


Step 3: With power supply for 60 
min at 60 V initiate electrophoresis 


Fig. 2 Brief summary of the creation stages of gel retardation assay 
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3.1.2 Calculation of 
Phosphate Groups of 
SIRNAS 


3.1.3 Calculation of N/P 
Ratios 


3.2 Preparation of 
1% Agarose Gel 
Electrophoresis 


3. 


Multiply the number of amine groups in the cationic polymer 
by the number of cationic polymer moles. This number will be 
the number of total amine moles. 


(a) The mole of amine groups: 1.3 x 10~° mol. 


. Calculate the average molecular weight of siRNAs (see Note 7), 


1.€.; 

(a) The average molecular weight of a siRNA molecule: 
340.0 g/mol. 

(b) siRNA consists of double stranded 21 bp so it has a total 
of 42 bp unit/siRNA molecule. 

(c) The molecular weight of 21 bp siRNA (siRNA mole- 
cule * number of bp * 2) 14,280.0 g/mol 
(340.0 * 21 * 2). This is the value used in the subsequent 
calculations. 


. Determine the initial dose of the siRNA to be used and calcu- 


late the mole of the siRNA. 
(a) The siRNA dose: 0.7 pg. 
(b) The number of siRNA moles: 4.9 x 10 !! mol. 


. Multiply the number of Phosphate (PO4?^) groups in the 


siRNA to get the total number of phosphate groups. 


(a) The mole of PO4?- groups (siRNA moles * nr PO4?- 
groups): 2.06 x 10? mol (4.9 x 10 !! mol * 42). 


One milligram of cationic polymer (1.3 x 10~° mol obtained from 
Subheadings 3.1.1—3.1.3) dissolved in 1.0 mL of distilled water as a 
stock solution. For the calculation of 1:1 N/P ratio, calculate the 
amount of amine groups in the polymer which equals to the same 
mole of PO4?- groups (2.1 x 10^? mol obtained from the Sub- 
headings 3.1.2 and 3.1.3). Based on this calculation, 1.60 pL of the 
polymer solution is taken. For 1.5:1, 2:1, 2.5:1, 4:1, 6:1 N/P 
ratios, this volume is multiplied with 1.5, 2.0, 2.5, 4.0, and 6.0, 
respectively (see Table 1). 


l. 


2. 


3. 


To prepare 1x TAE buffer, get 50.0 mL of 50x TAE buffer 
stock solution and complete to 1000.0 mL volume with dis- 
tilled water in a beaker. 


Add 1.0 g of agarose powder into 100.0 mL of 1x TAE buffer 
and mix it to make 1% agarose gel. After that, boil the agarose 
mixture in a microwave oven to melt it (see Note 8). 


Cool the solution to approximately 50-60 ° C. 


4. Add the RedSafe nucleic acid staining solution (5.0 pL) (see 


Note 9). 
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3.8 Loading siRNA/ 
Cationic Polymer 
Carrier Complex into 
1% Agarose Gel 


4 Notes 


5. 


Poured into a casting tray containing a sample comb and 
allowed to solidify at room temperature (see Note 10). 


. Remove the sample comb from the cooling casting tray (see 


Note 11). 


. Prepare mixture of nuclease-free water, polymer, and siRNA in 


separated microcentrifuge tubes as given in Table 1. 


. Allow 30 min for the complexation of siRNA/cationic polymer 


carrier. 


. Add 4.0 uL of DNA gel loading dye to each centrifuge tube. 


The loading dye (6x) is added to the gel for the visualization of 
siRNA during sample loading and running. 


. Load a total 20.0 uL volume from each sample into agarose gel 


wells. 


. Set power supply at 60 V for 60 min (see Note 12). 
. The electrophoretic mobility of the siRNAs of each sample is 


visualized under UV light (see Fig. 1). 


. Agarose gel electrophoresis of siRNA is performed using either 


TAE buffer or tris-borate-EDTA (TBE) buffer [39]. 


. Wear a mask and gloves when preparing buffer agents. TAE 


buffer solution can be stored at room temperature for a month. 
In our laboratory, we prepare fresh solution every month. 


. The most reliable strategy for TAE usage, prepare a fresh 1x 


TAE buffer for each time just before the experiment. 


. The percentage of agarose gels used is generally in the range of 


0.2—3%. This percentage could be changed based on the size of 
siRNA and total molecular weight of the carrier [40]. 


. Allocate all the samples (i.e. siRNA) to avoid damaging the 


main source. 


. Calculation/determination of the molecular weight, chemical 


formulation, surface charge, and size of the polymer are carried 
out according to 'H-NMR, zeta potential, and size analysis. 


. The average molecular weight of siRNA base is 340 g/mol. 


Average molecular weight of a double-stranded DNA 
(dsDNA) base pair and a single-stranded DNA (ssDNA) base 
pair are 600 and 330 g/mol, respectively [41]. 


. Initially, the agarose solution is boiled for 45-60 s in the 


microwave at 180 °C. If the agarose powder does not dissolve 
well, repeat the step for another 20-25 s until it totally 
dissolves. 
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tion efficiency. 
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from the tray to ensure that the loading wells are intact and 
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ratio of siRNA/cationic polymer carrier complexation. In the 
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running time is decreased. However, if the running time is 
increased that leads to heating up which leading to siRNA 
banding artifacts [39]. 
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Generation of Protein-Phosphorodiamidate Morpholino 
Oligomer Conjugates for Efficient Cellular Delivery via 
Anthrax Protective Antigen 


Valentina Palacio-Castaneda, Roland Brock, and Wouter P. R. Verdurmen 


Abstract 


Phosphorodiamidate morpholino oligomers (PMOs) offer great promise as therapeutic agents for transla- 
tion blocking or splice modulation due to their high stability and affinity for target sequences. However, in 
spite of their neutral charge as compared to natural oligonucleotides or phosphorothioate analogs, they still 
show little permeability for cellular membranes, highlighting the need for effective cytosolic delivery 
strategies. In addition, the implementation of strategies for efficient cellular targeting is highly desirable 
to minimize side effects and maximize the drug dose at its site of action. Anthrax toxin is a three-protein 
toxin of which the pore-forming protein anthrax protective antigen (PA) can be redirected to a receptor of 
choice and lethal factor (LF), one of the two substrate proteins, can be coupled to various cargoes for 
efficient cytosolic cargo delivery. In this protocol, we describe the steps to produce the proteins and protein 
conjugates required for cytosolic delivery of PMOs through the cation-selective pore generated by anthrax 
protective antigen. The method relies on the introduction of a unique cysteine at the C-terminal end of a 
truncated LF (aa 1-254), high-yield expression of the (truncated) toxin proteins in E. coli, functionalization 
of a PMO with a maleimide group and coupling of the maleimide-functionalized PMO to the unique 
cysteine on LF by maleimide-thiol conjugation chemistry. Through co-administration of PA with LF-PMO 
conjugates, an efficient cytosolic delivery of PMOs can be obtained. 


Key words Antisense, Anthrax toxin, Protective antigen, Phosphorodiamidate morpholino oligo- 
mers, DNA analog, Drug delivery, Cellular internalization, Bioconjugate chemistry 


1 Introduction 


Phosphorodiamidate morpholino oligomers (PMOs) are 
uncharged DNA analogs with therapeutic potential due to their 
ability to specifically bind to target sites on RNA. By steric inhibi- 
tion of translation initiation complexes, PMOs can block transla- 
tion. Alternatively, by targeting sites associated with splicing of 
pre-mRNAs, PMOs can mediate splice modulation and thereby 
correct the consequences of splicing mutations at the pre-mRNA 
level, for instance those in inherited retinal dystrophies [1]. PMOs 
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have several qualities that are excellent for therapeutic develop- 
ment, including nuclease-resistance, long-term activity, low toxic- 
ity, and high specificity [2, 3]. However, a major challenge remains, 
which is achieving an efficient cellular delivery, particularly in vivo. 
PMOs are neutral molecules that because of their size are imper- 
meable to cellular membranes. Delivery approaches that have been 
developed up to now include scraping of cells, particle-based 
approaches, and cell-penetrating peptide (CPP)-based delivery 
[3-5]. Cell scraping cannot be translated to in vivo applications 
and particle-based approaches suffer from delivery challenges 
in vivo such as poor tissue penetration and liver enrichment [6]. 
CPP-mediated delivery has demonstrated potential, but still does 
not target specific cell-surface receptors, indicating the need for a 
novel approach. 

Recently, several groups have demonstrated that anthrax toxin, 
a sophisticated protein-based molecular machine that has evolved 
to efficiently deliver toxic catalytic proteins into the cytosol, can be 
employed for the functional delivery of various types of cargoes, 
including antisense oligonucleotides (AON) [7, 8]. The full 
anthrax toxin consists of three proteins: a pore-forming protein, 
called protective antigen (PA), that generates cation-selective pores 
and two enzyme components [9], called lethal factor (LF) and 
edema factor (EF). LF and EF in turn consist of two domains: the 
first domain binds the protein pore and the second domain is the 
enzymatically active domain and is thus responsible for the actual 
toxicity. For the delivery of PMOs via this mechanism, only PA and 
the PA pore-binding domain of LF are needed as protein compo- 
nents. For LF, this means that the enzymatic (toxicity-causing) 
domain of LF is replaced with a PMO. 

In this chapter, we describe the preparation of the components 
needed to mediate cytosolic delivery of PMOs by the anthrax toxin 
translocation mechanism (Fig. la). The individual protein compo- 
nents, PA and LF (1—254) are produced in high quantity in soluble 
form in the cytosol of E. colt. LF (1-254) is by itself cysteine-free, so 
through the introduction of a unique C-terminal cysteine, a site- 
specific conjugation via maleimide-thiol conjugation chemistry can 
be achieved. Maleimide-thiol conjugation chemistry is useful for 
coupling biologically active molecules because it is fast, highly 
selective and it can be done in physiological buffers at 37 °C or at 
4°C [10]. 

To enable the conjugation of the PMO to the protein, PMOs 
containing a primary amine at the 3’ end are functionalized with a 
maleimide moiety through a bifunctional linker containing an 
NHS-ester and a maleimide group separated by a cyclohexane 
spacer. After coupling maleimide-functionalized PMOs with LF, 
uncoupled PMO is removed via dialysis, producing LF-PMO con- 
jugates that can be delivered to the cytosol via anthrax protective 
antigen (Fig. 1b). 
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Fig. 1 Cytosolic delivery of PMO using the anthrax toxin mechanism. (a) Schematic representation of the 
cytosolic delivery of the LF-PMO conjugate via anthrax protective antigen. Numbers indicate the distinct steps 
in the delivery process. (b) Schematic representation of the coupling of a PMO to LF-cys. LF lethal factor, PA 
protective antigen, PMO phosphorodiamidate morpholino oligomer, SMCC succinimidyl 4-(N-maleimido- 
methyl)cyclohexane-1-carboxylate, TCEP tris(2-carboxyethyl)phosphine 
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2 Materials 


All buffers should be prepared with double-distilled water to ensure 
highly pure buffers. It is not necessary to work under sterile con- 
ditions. However, to perform experiments in the absence of anti- 
biotics, make sure that the final conjugates are filter-sterilized 
before use. 


21 Prolein l. 


Expression 2 


22 Prolein l. 


Purification 


BL21(DE3) competent cells (see Note 1). 


. E. coli expression vector coding for anthrax protective antigen 


(see Note 2). 


. E. coli expression vector coding for LF (1-254) with a 


C-terminal cysteine (LF-cys) (see Note 3). 


. LB agar plates: add demi water to 10 g peptone, 5 g yeast, 8 g 


NaCl, and 15 g agar until a volume of 1 Lis reached. Mix well, 
autoclave and store at room temperature. To make plates, heat 
the LB agar in the microwave until fully liquid, allow to cool 
until it is lukewarm before adding the antibiotic of choice. Pour 
liquid into a Petri dish until you reach a thickness of approxi- 
mately 0.5 cm. Wait until the agar solidifies and store upside 
down at 4 °C. 


. 2x YT medium: For 1 L, add demi water to 16 g peptone, 10 g 


yeast, and 5 g NaCl until a volume of 1 L is reached. Mix well, 
autoclave, and store at room temperature. 


. Terrific Broth (TB): 12 g/L tryptone, 24 g/L yeast extract, 


and 4 mL/L glycerol, 17 mM KH3PO, and 72 mM K5HPO,. 
Store at room temperature (see Note 4). 


. Autoclaved 2096 (w/v) glucose solution in demi water. 


. Isopropyl B-p-1-thiogalactopyranoside (IPTG): 1 M stock 


solution in double-distilled water. Aliquot and store at —20 °C. 


. High-speed centrifuge. 


. Incubator shaker. 


4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES)-buffered saline (HBS)-wash: 50 mM HEPES, 
pH 8.0, 150 mM NaCl, 1 mM MgCl, 20 mM imidazole. 
Adjust the pH with NaOH to reach pH 8.0. Store at 4 °C. 
The buffer can be stored at 4 ^C for up to 12 months. 


. HBS-resuspension buffer: HBS wash containing 250 pg/mL 


lysozyme and 1x complete EDTA-free protease inhibitor cock- 
tail. Prepare fresh on the day of the experiment. 


. HBS-low salt: 50 mM HEPES, pH 8.0, 20 mM NaCl, 20 mM 


imidazole. Adjust the pH with NaOH to reach pH 8.0. Store at 
4 °C. The buffer can be stored at 4 °C for up to 12 months. 
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A3 Protein-PMO 
Conjugation 


4. 


HBS-high salt: 50 mM HEPES, pH 8.0 1 M NaCl, 20 mM 
imidazole. Adjust the pH with NaOH to reach pH 8.0. Store at 
4 °C. The buffer can be stored at 4 ^C for up to 12 months. 


. PBS-elution buffer: PBS, pH 7.4, 300 mM imidazole. Adjust 


the pH with HCI to reach pH 7.4. Store at 4°C. The buffer can 
be stored at 4 ^C for up to 12 months. 


. Ni-NTA superflow resin (e.g. Qiagen) equilibrated with 


HBS wash. 


. His-tagged tobacco etch virus (TEV) protease (commercially 


available). 


. PBS-EDTA-DTT: PBS containing 0.5 mM ethylenediamine- 


tetraacetic acid (EDTA) and 1 mM dithiothreitol (DTT). Pre- 
pare fresh for each experiment. 


. Sonicator. 


. Low-protein binding syringe filter for small volumes («1 mL) 


with 0.22 um pore size. 


. Akta Pure or alternative chromatography system with UV 


detector. 


. Superdex 200 10/300 GL column or equivalent column. 
. 4 mL centrifugal filter with a 30 kDa cut-off. 


. Tris-buffered saline (TBS): 20 mM Tris-HCl, pH 7.4, 150 mM 


NaCl. Adjust the pH with NaOH to reach pH 7.4 Store at 
4 °C. The buffer can be stored at 4 °C for up to 12 months. 


2. 7kDa MWCO ZEBA spin columns (Thermo Fisher Scientific). 


. Degassed HBS: 50 mM HEPES, pH 7.2, 150 mM NaCl (see 


Note 5). Store at 4 °C. The buffer can be stored at 4 °C for up 
to 12 months. Degas again for 5-10 min before every use. 


. Phosphate-buffered saline (PBS): 10 mM phosphate, pH 7.2, 


137 mM NaCl, 2.7 mM KCl. Store at room temperature. 
Adjust the pH with HCI to set the pH to 7.2 upon dilution 
from a 10x PBS stock solution prepared with 14.4 g/L 
Na ,HPOg, 2.4 g/L KH3PO,, 80 g/L NaCl, and 2 g/L KCl, 
which gives a pH of ~6.8. The buffer can be stored at least for 
l year at room temperature. 


. 1 M lysine solution: For 10 mL, add double-distilled water to 


1.46 g lysine until the volume reaches 10 mL. Store at —20 °C. 
The solution can be kept at —20 ?C for at least 1 year. 


. 0.5 M tris(2-carboxyethyl)phosphine (TCEP) solution in 


double-distilled water, pH 7.0 (see Note 6) Store aliquots at 
—20 °C. 


. PMO with a 3' primary amine modification (Gene tools). 
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3 Methods 


3.1 Expression of PA l. 


and LF-cys 


. Succinimidyl 4-( N-maleimidomethyl)cyclohexane- 1 -carboxyl- 


ate (SMCC) linker (Thermo Fisher Scientific). 


. Dialysis membrane (e.g. 20 kDa MWCO). 


Mix 20 uL of BL21(DE3) competent E. coli bacteria with 
0.5 uL of pure plasmid encoding either PA or LF-cys in a 
centrifuge tube and place on ice for 15-30 min. 


. Heat shock for 45 s in a water bath at 42 °C, place back on ice 


for 2 min and subsequently add 200 pL of LB medium. Place 
horizontally in an incubator shaker at 37 ^C for 45 min and 
plate 10 pL out on an LB agar plate containing the appropriate 
type and concentration of antibiotic. After an overnight 
growth, confirm a proper density of colonies and place the 
plate upside down at 4 °C until starting the next step. It is 
recommended to start the following step on the same day. 


. Prepare a starter culture by picking a single colony and inocu- 


lating 50 mL of 2x YT medium containing 196 (w/v) glucose 
and antibiotic. Let the bacteria grow overnight at 37 ^C with 
shaking at 150 rpm, orbit diameter 50 mm. 


. Use the starter culture to inoculate 1 L of TB supplemented 


with 0.8% (w/v) glucose and antibiotic to a starting ODaoo 
of 0.1. 


. Allow the bacteria to grow at 37 ^C with shaking at 150 rpm, 


orbit diameter 50 mm, until an OD600o of 0.7-0.8 is reached. At 
this point the expression can be induced by adding 100 uM 
IPTG. Decrease the temperature to 25 °C (see Note 7). 


. After 4 h of expression, centrifuge the cells for 10 min at 


5000 x gin 500 mL containers. Discard the supernatant and 
resuspend the pellets in 20 mL of medium. Transfer the resus- 
pended cells to 50 mL conical tubes and centrifuge again for 
10 min at 5000 x g. Discard the medium and snap-freeze the 
pellets in liquid nitrogen. Store at —80 °C until purification is 
commenced. 


3.2 Purification of PA PA and LF are susceptible to denaturation or aggregation when 
and LF-cys exposed to higher temperatures, so it is recommended to perform 
all of the subsequent steps at 4 ^C. 


l. 


2; 


Resuspend bacteria pellets from 1 L expression culture in 
20 mL HBS-resuspension buffer. 


Lyse the bacteria on ice by sonication (60 W with 15 pulses of 
10 and 30 s pause between pulses in order to avoid excessive 
heat or formation of foam (see Note 8). 
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Fig. 2 TEV cleavage of MBP-LF and time dependency of coupling efficiency of LF 
to PMO. (a) SDS-PAGE gel showing LF fused to MBP before TEV cleavage (red 
arrow) and LF after cleavage and purification via reverse IMAC (orange arrow). 
(b) SDS-PAGE gel illustrating the effect of incubation time on the conjugation 
efficiency of coupling LF to the PMO. Red arrow indicates 86 kDa band 
corresponding to MBP-LF before coupling. Green arrow shows a band with 
increased molecular weight at approximately 92 kDa corresponding to the 
coupled fraction (MW of PMO: 6.8 kDa). No marked differences are seen 
between the incubation time and the coupling efficiency, indicating that 4 h 
incubation is sufficient to achieve 5096 coupling. Proteins on gels were 
visualized by stain-free imaging technology (Bio-Rad). /MAC immobilized metal 
ion affinity chromatography, LF lethal factor, MBP maltose-binding protein, PMO 
phosphorodiamidate morpholino oligomer, TEV tobacco etch virus 


3. Centrifuge the bacterial lysates at 28,000 x g for 40 min and 
filter the supernatant using 0.22 um pore size filters. 


4. Incubate the supernatants containing the His-tagged proteins 
with 1 mL of HBS wash-equilibrated Ni-NTA superflow resin 
for 1 h on a roller shaker. 


5. Transfer the resin-containing solution to a column containing a 
bottom filter and wash with 20 column volumes (CV) of 
HBS-low salt, followed by 20 CV of HBS-high salt and 
20 CV of HBS wash. 


6. Pre-elute the proteins with 1 CV of PBS-elution buffer, fol- 
lowed by eluting with 4 x 1 CV. Each elution step should be 
for 10 min on a roller shaker (see Note 9). 

7. Dialyze the eluted proteins overnight against 2 L 1x PBS. In 


the morning, exchange for fresh PBS and dialyze for two more 
hours. 
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3.3 Purification of PA 
by Size-Exclusion 
Chromatography (SEC) 


8. The purified proteins Hisg-MBP-LF-cys and Hisg-MBP-PA 
can be cleaved with TEV protease to generate LF-cys and PA, 
respectively (Fig. 2a). To cleave off the Hisg-MBP add a 
His-tagged TEV protease at a 1:20 (w/w) ratio in 
PBS-EDTA-DTT. 


9. In order to separate the Hisg-MBP and the His-tagged TEV 
from LF-cys or PA, a reverse immobilized metal ion affinity 
chromatography (IMAC) purification step must be done in 
which the unbound fraction is kept. Because the Ni-NTA 
resin is incompatible with high concentrations of EDTA and 
DTT, solutions must first be dialyzed against a 100-fold excess 
of HBS wash for at least 2 h to sufficiently remove the EDTA 
and DTT. 


10. Incubate the dialyzed samples with 1 mL equilibrated Ni-NTA 
superflow resin for 1 h on a roller shaker. 


11. Collect the unbound fraction, which should contain only 
LF-cys or PA. An SDS-PAGE gel can be run at this stage in 
order to confirm correct cleavage (Fig. 2a). To prepare LF-cys 
for reduction, perform a dialysis against HBS (see Note 10). 
Dialyze PA against PBS, after which it will be ready for further 
purification via size-exclusion chromatography (SEC) 
(Subheading 3.3). 


12. LF needs to be reduced in order to generate the free thiol 
groups required for maleimide-thiol conjugation chemistry. 
To reduce LF-cys add a 100-fold molar excess of TCEP, incu- 
bate for 30 min at 37 °C, and remove excess TCEP using a 
7 kDa MCWO ZEBA spin column. To calculate the amount of 
TCEP needed, determine the protein concentration using the 
absorption at 280 nm and the extinction coefficient £280 of the 
protein (i.e. 91,680 M^! cm ! for MBP-containing LF and 
23,840 M ^! cm ! for cleaved LF). 


After purification of PA via IMAC, we typically see some 
co-purification of degraded fragments, which can be removed via 
SEC (see Note 11). We generally purify our PA or PA fusion 
constructs via SEC using an Ákta pure chromatography system 
equipped with an S200 column (see Note 12), which yields pure 
and active proteins [11, 12]. 


1. Concentrate the sample to a volume of less than 500 pL, which 
is the maximal volume that can be loaded on an $200 column. 
Make sure that the protein solution is sufficiently concentrated 
so that in the maximally 500 uL several milligrams of proteins 
can be loaded (ideally 2-5 mg). For lower amounts, the sepa- 
ration of individual peaks can become problematic. Filtration of 
the protein using a low protein-binding syringe filter (0.22 um 
pore size) before loading is recommended since protein 
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3.4 Functionalizing 
PMO with a Maleimide 
Moiely 


aggregates may clog the column. Alternatively, centrifugation 
of the sample at high speed (~20,000 x g) for 5 min and 
loading the supernatant can be done. 


. Connect the column to the chromatography system drop to 


drop (i.e. without introducing air) and equilibrate the column 
with PBS. Connect one or multiple injection loops 
(i.e. depending on the system) that can hold twice the volume 
of the sample to the chromatography system. For example, for 
a 500 uL sample, use a 1 mL injection loop. Wash the loop 
extensively with PBS before loading the sample. 


. When the sample has been loaded, start the run. A typical speed 


is 0.5 mL/min. Start fraction collection after the dead volume 
(-7-8 mL on an $200 column connected to an Äkta Pure 
system). A suitable fraction size is 0.5 mL. PA should elute at 
around 12 mL, which should give a major peak detectable by 
the UV detector. 


. Run an SDS-PAGE gel with collected fractions of any major 


peaks to determine the molecular weight and purity of the 
collected proteins. Full-length PA will have a size of approxi- 
mately 83 kDa. 


. Combine all fractions that contain pure PA, concentrate with a 


4 mL centrifugal filter (cut-off: 30 kDa) until a concentration 
of 2-5 mg/mL is obtained and freeze in aliquots. Aliquots 
should be snap-frozen in liquid nitrogen and kept at —80 °C. 
Thawed aliquots of PA can refrozen in liquid nitrogen at least 
three times without a noticeable decrease in activity. 


. Dissolve PMO containing a primary amine in double-distilled 


water to a concentration of 1 mM. The PMO can be stored 
either at room temperature or aliquoted and stored at —80 ^C 
for long-term storage (see Note 13). 


. Calculate the amount needed of the SMCC linker for the PMO 


coupling, taking into account that a 20-fold molar excess ofthe 
linker is needed for the reaction. Weigh the desired amount of 
the SMCC linker and dissolve in anhydrous DMF (e.g. 1.5 mg 
SMCC in 100 pL of DMF to make a stock solution of 45 mM). 
Freeze aliquots at —20 °C and only thaw briefly for use. The 
NHS moiety of the linker is very reactive and may hydrolyze 
already through the presence of trace amounts of water. 


. Mix the PMO with a 20-fold molar excess of the SMCC linker 


with minimal dilution (e.g. 900 uM PMO and 18 mM SMCC 
linker) and incubate for 2 h at 4 °C (see Note 14). 


. Quench unreacted linker by adding lysine to a final concentra- 


tion of 100 mM using a 1 M lysine solution. 
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3.5 Coupling of 
Anthrax Lethal Factor 
to Maleimide- 
Functionalized PMO 


4 Notes 


5. 


Separate the reacted PMO from the unreacted linker using a 
buffer-exchange procedure (e.g. 7 kDa ZEBA spin column, 
depending on the molecular weight of the PMO). 


. Assuming full recovery of the PMO after the ZEBA spin col- 


umn and equal volume, add a tenfold molar excess of the 
maleimide-functionalized PMO to the reduced LF-cys proteins 
(e.g. 800 uM PMO to 80 uM LF) and incubate for 4 h at 4 °C 
(Fig. 2b) (see Note 15). 


. Dialyze overnight to remove the unreacted PMO. Exchange 


dialysis buffer the next morning and dialyze for two more 
hours. Upon complete removal of the excess uncoupled 
PMO, the concentration of the PMO-conjugate can be calcu- 
lated using the absorption coefficient of the PMO at 265 nm, 
while correcting for the absorption of the protein at 265 nm 
(see Note 16). The conjugates can be snap-frozen in liquid 
nitrogen and stored at —80 °C. 


. There are many E. coli strains suitable for high-level protein 


expression ofthe proteins described in this chapter, but we have 
good experience with the strain BL21(DE3). For the proteins 
in question, BL21(DE3) achieves high-level 224 soluble pro- 
tein expression upon IPTG-mediated induction of T7 poly- 
merase from a /acUV5 promoter. 


. We typically express full-length PA fused to an N-terminal 


Hisg-maltose-binding protein (MBP) sequence in a pOIq 
backbone [11]. MBP serves in this context as a solubility 
enhancer, leading to tens of mg of soluble protein produced 
in the cytosol of E. col; per liter expression culture in shake 
flasks. We include a TEV protease site between MBP and 
protective antigen that can be used to cleave off Hisg-MBP 
and generate native PA. 


. Similar to the expression of PA, we express truncated LF 


(aa 1-254) fused to an N-terminal Hisg-MBP sequence. For 
maleimide-thiol conjugations, we introduce a single cysteine at 
the most C-terminal position (LF-cys). Similar to PA, this 
construct gives us very high levels of soluble expression in the 
cytosol of E. coli. 


. 1 L Terrific broth is prepared by autoclaving 12 g tryptone, 


24 g yeast extract, and 4 mL glycerol in 800 mL distilled water, 
followed by the addition of 100 mL of a separately autoclaved 
(or filter sterilized) solution of 0.17 M KH5PO, and 0.72 M 
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10. 


11. 


12. 


K3HPO,. Adjust volume to 1 L. Mixing the separately auto- 
claved solutions can be done at the day of the experiment. 


. Degassing should be done at least for several minutes, which 


generally gives us good results. We flush with nitrogen gas at a 
speed which generates some, but not excessive, bubbling. 
Extending the degassing time to 1 h can be considered for 
optimal results. 


. Dissolving TCEP hydrochloride at 0.5 M in double-distilled 


water will result in an acidic solution with a pH between 2 and 
8. Adjust the pH of the 0.5 M TCEP solution with concen- 
trated NaOH or KOH to pH 7.0. 


. For expression of PA and LF constructs, we decrease the tem- 


perature to 25 °C in order to express maximal amounts of 
soluble proteins. The growth is much slower at 25 °C than at 
37 °C, so it is normal that during 4 h of expression, bacteria will 
not grow much denser (final OD¢o9 between 2 and 3). Increas- 
ing the shaking speed improves aeration and can give better 
yields. 


. Even though the protocol describes lysing of cells by sonica- 


tion, we typically obtain equally good results when we use 
French press bacterial cell lysis. With both methods, it is impor- 
tant to avoid excessive heat that may quickly denature or aggre- 
gate the proteins. 


. During the preelution, very little His-tagged protein will be 


eluted since the purpose is to equilibrate the resin with the 
elution buffer. Nevertheless, we prefer not to discard the pre- 
elution fractions since they still may contain some protein. 
Upon measuring the concentration, we make the decision to 
discard it and/or take it along for dialysis (our typical threshold 
is an A280 of 0.4). 


Since the reduction in this protocol is done with TCEP, we 
prefer to use HBS over PBS because TCEP is more stable 
in HBS. 


Next to SEC, PA can also be further purified via ion-exchange 
chromatography or both sequentially if a very high purity is 
needed. 


For purification by SEC, we prefer to use a Superdex 
200 10/300 GL column (GE Healthcare), which is suitable 
for separating proteins ranging in molecular weight from 10 to 
600 kDa. We get a good separation when separating PA from 
its degraded fragments with this column. We have not com- 
pared with other comparable columns, which may perform 
equally well. Similarly, while we work with an Akta pure system, 
alternative systems for SEC are likely to work equally well and 
the protocol described would only require small modifications. 
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13. 


14. 


15. 


16. 


PMOs can be dissolved in double-distilled water by pipetting 
up and down. The solution can be frozen at —80 °C or kept at 
room temperature. We have not seen any differences in cou- 
pling efficiency following freezing and rethawing. 


The reaction can be performed at room temperature for 
30 min or at 4 °C for 2 h. We get slightly better results when 
performing the latter protocol. 


We observed an already high efficiency of coupling after 4 h 
(Fig. 2b), which did not noticeably increase during longer 
incubation times. It is possible that longer reaction times may 
still be better for some protein-PMO conjugations, in which 
case reaction times up to 48 h can be attempted. Higher 
excesses of PMO lead to greater efficiency but can be cost 
limiting. Furthermore, removal of much greater excesses of 
PMO using dialysis will take significantly longer. Additionally, 
more concentrated solutions of proteins (up to 5 mg/mL) and 
PMO are desired, taking into account the solubility of each. 


PMOs absorb much more strongly than proteins at 265 and 
280 nm, implying that absorption measurements at either 
wavelength will be dominated by the absorption of the PMO. 
For an accurate estimation of the protein-PMO conjugate, it is 
therefore important to completely remove the uncoupled 
PMO, which can be achieved either by extensive dialysis or by 
ion-exchange chromatography. By measuring the absorption 
of the conjugate at 265 nm and correcting for the absorption 
of the protein at 265 nm (for this, measure the pure protein 
and estimate the £265 nm as follows: [(A265 nm/A280 nm) 
*e280]), one can use the extinction coefficient of the PMO at 
265 nm (provided by the manufacturer) to calculate the con- 
centration of the protein-PMO conjugate. For a proper correc- 
tion, take into account the labeling efficiency of the protein 
through analysis of conjugates by SDS-PAGE. 
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Abstract 


A significant proportion of mutations underlying genetic disorders affect pre-mRNA splicing, generally 
causing partial or total skipping of exons, and/or inclusion of pseudoexons. These changes often lead to the 
formation of aberrant transcripts that can induce nonsense-mediated decay, and a subsequent lack of 
functional protein. For some genetic disorders, including inherited retinal diseases (IRDs), reproducing 
splicing dynamics in vitro is a challenge due to the specific environment provided by, e.g. the retinal tissue, 
cells of which cannot be easily obtained and/or cultured. Here, we describe how to engineer splicing 
vectors, validate the reliability and reproducibility of alternative cellular systems, assess pre-mRNA splicing 
defects involved in IRD, and finally correct those by using antisense oligonucleotide-based strategies. 


Key words ABCA4, Antisense oligonucleotide, Exon skipping, Genetic therapy, Inherited retinal 
diseases, Maxigene, Midigene, Pre-mRNA, Pseudoexon, Splicing modulation, Splicing vectors 


1 Introduction 


Technologies such as next generation sequencing (NGS) expanded 
the discovery of genetic variants from coding regions to the entire 
genome. As a consequence of high-throughput data analysis, it is 
crucial to be able to correctly identify and distinguish disease- 
causing variants from single nucleotide polymorphisms (SNPs). 
This is especially relevant for intronic variants, as many of them 
have an unknown functional significance. In the field of inherited 
retinal diseases (IRDs), a common autosomal recessive condition 
known as Stargardt disease (STDG1) [1] lacks the bi-allelic molec- 
ular diagnosis in 30% of cases, i.e. the second variant cannot be 
identified in the coding regions of adenosine triphosphate (ATP) 
binding cassette type A4 (ABCA4) gene [2, 3]. 
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According to the Human Gene Mutation Database, 
mis-splicing mutations have been estimated to represent 8.6% of 
the total mutations underlying inherited diseases (23,868/ 
275,716) [4]. In vitro functional assays can provide insight into 
the underlying mechanisms behind aberrant splicing and identify 
the mutations that interfere with this process. Currently, the ideal 
model to assess and correct mis-splicing mutations in STGD1 are 
iPSC-derived retina-like cells (such as photoreceptor precursor cells 
(PPCs) or retinal organoids) from a patient harboring the genetic 
variants of interest, as these represent the right cell type(s) with the 
proper genetic context. In parallel, great efforts have been made to 
develop a more cost-effective and less time-consuming strategy to 
reach the same goal, by trying to mimic the pathological situation 
in a reliable and controlled manner. Engineering and use of multi- 
exon splice vectors have been proven to be extremely effective 
[2, 5-7] in gaining insight into IRDs and, more specifically, 
STDGI1. In general, splice vectors or midigenes refer to a specific 
type of vector containing a large genomic region that allows to 
study the splicing processes between the included exons. An even 
longer genomic content allows for inclusion of long-range cis-act- 
ing elements to more accurately reflect the dynamics of splicing 
[8]. These “artificial” genomic vectors were shown to be very 
valuable when it comes to ABCA4, as the entire 128-kb gene has 
been successfully spanned in a set of midigenes representing an 
alternative to the impossibility of cloning such a large genomic 
region in a single vector [6]. 

The suitability of midigenes for some cell lines reduced the 
complexity of the study of pathologic deep-intronic variants 
(among other types of mutations) and their effect on splicing. In 
addition, validated midigenes harboring splicing variants represent 
a system for reliable and relatively quick identification of potential 
therapeutic molecules such as antisense oligonucleotides (AONs). 
AON-based therapies represent a very effective approach to target 
mis-splicing mutations. AONs are chemically modified RNA mole- 
cules that have the ability of modulating splicing by binding to pre- 
mRNA and interfering with the spliceosome [9]. They are used in 
the field of IRDs [10], as well as in other genetic diseases as the 
purpose of AONS is not limited to splice-switch function only 
[11]. Generating a reliable artificial splicing system is of major 
importance when it comes to the development of a potential thera- 
peutic molecule. For the early investigation of possible causative 
variant affecting pre-mRNA splicing in retinal genes and 
subsequent assessment of AON potency, midigene technology is a 
suitable approach that has been shown to produce reliable results 
[6, 12]. 

Following transfection of the vector into HEK293T cells, 
AONSs are co-transfected, and the splicing correction can be 
assessed at RNA level. Subsequently, the AONSs that are identified 
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2 Materials 


21 Design of 
Midigene and 
Maxigene Splice 
Vector 


as most potent can be tested in more advanced and precise cell 
models such as iPSC-derived retina-like cells. 

Despite the proven efficiency of the HEK293T cells, they are 
not derived from ocular tissue, which allows to speculate whether 
the splicing dynamics enforced by HEK293T represents that of the 
retina. As an alternative, with the aim to better represent the retina- 
like splicing dynamics in in vitro splice assays, we also describe the 
use ofretinoblastoma WERI-Rb-1 cells. These cells are also suitable 
for midigene transfection and in some cases demonstrate splicing 
dynamics that are more similar to that ofthe retina when compared 
to HEK293T cells. 

In this chapter, we describe how to design multi-exon splice 
vectors followed by appropriate validation and correction of 
mis-splicing mutations by performing in vitro studies in cellular 
systems. 


1. Donor and destination vector (see Note 1). 


2. BP-Clonase cloning kit: BP-Clonase, buffer, proteinase K, etc. 
(i.e. Gateway? enzymes). 


3. LR-Clonase cloning kit: LR-Clonase, buffer, proteinase K, etc. 
(i.e. Gateway? enzymes). 


4. Genomic DNA, in this example, the bacterial artificial chromo- 
some (BAC) clone, CHI7-325O16 (insert g.94,434, 
639—94,670,492), containing the entire ABCA4 gene. 


5. Generated midigenes (see Subheading 3.1.1). 


6. Primers flanking the region of interest with attB sites. In this 
chapter we use ABCA4 as an example. Forward primer 
sequence (attB sites underlined): 5-GGGGACAAGTTTGT- 
ACAAAAAAGCAGGCTTC  aacactgctggcaattggag-3! and 
reverse primer sequence: 5/-GGGGACCACTTTGTACAA 
GAAAGCTGGGTG  agctactgtgtggagggtg-3'. Primers are 
located in intron 6 and intron 11 of ABCA4, and serve as an 
example [6 ]. 


7.In silico cloning software (VectorNTI, SnapGene or 
Benchling). 


8. High-fidelity 724 polymerase PCR kit: High-fidelity 724 poly- 
merase, dNTPs, buffer, MgCl; and Q-solution or DMSO if 
applicable. 


9. Unique restriction enzymes for sites present in your constructs, 
in our example are shown as A and B (see Subheading 3.2.1). 


10. Commercially available DNA purification and cleanup kit. 
11. Shrimp Alkaline Phosphatase. 
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22 Site-Directed 
Mutagenesis 


12. 
13. 
14. 


15. 


16. 


17. 


18. 


14. 


15. 


T4 ligation kit. 
Competent cells (preferably commercial ones). 


LB medium: Autoclave 10 g NaCl, 10 g tryptone, and 5 g yeast 
extract in 1 L of deionized water. 


LB plates: Autoclave 10 g NaCl, 10 g tryptone, 5 g yeast 
extract, and 30 g agar in 1 L of deionized water. 


Selection antibiotics (usually ampicilin and kanamycin) at 
50 mg/mL (this is the stock 1000x concentrated). 


Commercially available Mini/Midiprep kit for plasmid DNA 
purification. 


Electrophoresis equipment and agarose gels. 


. Generated midigene and maxigene vectors (see Subheadings 


3.1.1 and 3.2.2). 


. Primers to introduce the desired mutation, in this chapter we 


use the c.859-506G » C mutation in the ABCA4 midigene as 
an example (the variant is in bold and underlined): 

Forward primer 5'- CTGTGATTTGTIGTIGTIGTIG 
TIGTTGTTIT G AGACGGAGTAT -TGCTCAG-3' and 
reverse primer 5'- GACACTAAACAACAACAACAACAACAA 
CAA-AACTCTGCCTCATAACGAGTC-3' [3]. 


. Primers to amplify the region within selected restriction sites of 


the midi- /maxigene. 


. High-fidelity Taq polymerase PCR kit: High-fidelity 724 poly- 


merase, dNTPs, buffer, MgCl; and Q-solution or DMSO if 
applicable. 


. Standard 724 polymerase kit. 

. pGEM®-T Easy Vector System kit. 

. IPTG and X-Gal. 

. EcoRI restriction enzyme. 

. DpnI restriction enzyme. 

. Competent cells (preferably commercial ones). 


. LB medium: Autoclave 10 g NaCl, 10 g tryptone, and 5 g yeast 


extract in 1 L of deionized water. 


. LB plates: Autoclave 10 g NaCl, 10 g tryptone, 5 g yeast 


extract, and 30 g agar in 1 L of deionized water. 


. Selection antibiotics (usually Ampicillin and Kanamycin) at 


50 mg/mL. 


Commercially available Mini/Midiprep kit for plasmid DNA 
purification. 


Electrophoresis equipment and agarose gels. 
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16. 


18 
19 
23 Culture l. 
Conditions and 
Cell Lines 
2 
3 
4 
5 
24 Midigene and l. 


AON Transfection 


Corresponding restriction enzymes C and D (see 
Subheading 3.2.3). 


. Shrimp Alkaline Phosphatase. 
. Commercially available DNA purification and cleanup kit. 


. T4 ligation kit. 


HEK293T cells (ATCC® CRL-3216™). Culture medium: 
DMEM 10% FCS medium (DMEM medium supplemented 
with 10% Fetal Calf Serum (FCS), 100 U/mL of penicillin, 
100 pg/mL streptomycin, and 1% (v/v) 100 mM sodium 
pyruvate). 


. WERI-Rb-1 cells (ATCC® HTB-169™), Culture medium: 


DMEM 15% FCS medium (DMEM medium supplemented 
with 15% FCS, 100 U/mL of penicillin, 100 pg/mL strepto- 
mycin and 10 mL of 1 M HEPES). 


. T75 flasks to culture cell lines. 
. 0.25% trypsin solution for cell dissociation. 
. 1x PBS. 


HEK293T or WERI-Rb-1 cells and corresponding culture 
medium. 


. Midigene vector, as an example we used ABCA4 BA7 


midigene [6]. 


. AON stock: resuspend the lyophilized AONs at final concen- 


tration of 0.1-1 mM in 1x PBS previously autoclaved twice. 


4. 6-well plates and 24-well plates. 


25 RT-PCR l. 


. OptiMEM and transfection reagents (i.e. FuGene® or 


Lipofectamine®). 


. 0.25% trypsin solution for cell dissociation. 
. 1x PBS. 


Commercially available RNA isolation kit. 


2. Commercially available cDNA synthesis kit. 


. Primers located in the flanking exons of your region of interest. 


In the example described in this chapter: 


(a) Region of interest. 


e ABCA4 exon 7 forward: 5'- TCTGAGATCTTGGG 
GAGGAA-3'. 
e ABCA4 exon 8 reverse: 5'- TGGAGTCAATCCCCA 
GAAAG-3'. 
(b) Actin loading control (see Note 2). 
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e ACTB exon 3 forward: 5'-ACTGGGACGACATGGA 
GAAG-3'. 
e ACTB exon 4 reverse: 5'- TECTCAGCTGTGGTGGT 
GAAG-3'. 
(c) RHO transfection control. 
* RHO exon 5 forward: 5'- ATCTGCTGCGGCAA 
GAAC-3'. 
e RHO exon 5 reverse: 5'-AGGTGTAGGGGATGGGA 
GAC-3'. 
4. PCR kit: Polymerase, dNTPs, buffer, MgClo, water, and 
Q-solution or DMSO if applicable. 


5. Electrophoresis equipment and agarose gels. 


3 Methods 
Retina-specific genes are not readily expressed outside the ocular 
tissue. The inability to express or poorly express the genes of 
interest in non-ocular tissues makes it difficult to study variants 
affecting pre-mRNA splicing. Generation of PPCs from patient- 
derived reprogramed fibroblasts is an alternative to this, but is time- 
consuming and expensive. 

3.1 Design of In here, we describe the generation and use of pCI-NEO-RHO 

Midigene Splice Gateway-adapted in-house vector (see Fig. 1). 

Vectors 


1. Identify the gene and sequence of interest in genomic databases 
3.1.1. Gateway Cloning such as Ensembl Genome Browser or UCSC [13, 14] and then 
identify the region of interest. In this case, the region of interest 
is a deep-intronic variant causing guanine to cytosine substitu- 
tion at position c.859-506 of the ABCA4 gene. The base 
substitution strenghtes a cryptic deep-intronic splice acceptor 
side and causes generation of a 56-nts long pseudoexon 
between exon 7 and 8. 


2. Design primers suitable for Gateway” BP cloning (see Note 3). 


3. Use the BAC clone, CH17-325016 (insert g.94,434, 
639—94,670,492), containing the entire ABCA4 gene. Isolate 
the BAC DNA using commercially available midiprep kit and 
use it as a PCR template to generatet the midigenes. Prepare 
the PCR reaction with 0.5 uM of each forward and reverse 
primer, 0.2 mM dNTPs, Phusion High-Fidelity DNA polymer- 
ase, 1x Phusion GC buffer, 3% DMSO, and 2.5 ng of BAC 
DNA in a total of 50 pL. Run the PCR program where the 
initial denaturation is at 98 °C for 30 s; 15-20 cycles of dena- 
turation at 98 °C for 10 s each, annealing at 58 °C and 
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Mutagenesis primers 
attP1 attP2 


ttB1 3tt82 ccdB 
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ABCA4 gene 
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UR product BP reaction 
SDM 


c.859-506G»C 
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attR1 attR2 attR1 attR2 RHO Ex5 
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( Wild-type ABCA4 Midigene ) Mutant ABCA4 Midigene 


Expression Clone Expression Clone 


Gateway cloning Site-directed mutagenesis | 


Fig. 1 Schematic representation of wild-type and mutant ABCA4 midigene engineering. The simplified protocol 
for Gateway? system cloning and site-directed mutagenesis are shown on the left and right section, 
respectively. SDM: site-directed mutagenesis 


extension at 72 °C for at least 1 min per kb of insert, with a final 
extension at 72 °C for 15 min [6]. 


4. Resolve the PCR product by gel electrophoresis by loading 
10% of the reaction. The presence of a single band at a 
corresponding size indicates a succesful PCR amplification 
step. The band needs to be purified using any available com- 
mercial DNA purification and cleanup kit. 


5. Set-up the BP reaction as instructed by the manufacturer of the 
BP-clonase cloning kit. The procedure used in-house includes 
l pL of donor vector (150 ng), 2 pL of buffer, 150 ng of 
purified and sequenced PCR product (max. 5 pL), milli-Q 
water up to 8 and 2 pL of BP-Clonase enzyme. The BP reaction 
has to be incubated at 25 °C for a minimum of 2 h. 


6. Terminate the reaction by adding 2 pL of Proteinase K and 
incubating for 10 min at 37 °C. 

7. Transform up to 5 pL of the reaction using competent cells (see 
Note 4) and incubate for 30 min on ice. 


8. Perform the heat shock between 45 and 60 s at 42 ^C and 
immediately place the cells back on ice for a minimum of 2 min. 


9. Add 250 uL of SOC medium into the tube and incubate for 1 h 
at 37 °C. 
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3.1.2 Side-Directed 
Mutagenesis 


3.2 Design of 
Maxigene Splice 
Vectors 


10. 


11. 


12. 


13. 


14. 


15. 


Plate the content of the tube on a plate containing the 
corresponding antibiotic (the in-house vector has a 
kanamycin-resistance cassette) and incubate O/N at 37 °C. 


Pick between 5 and 10 colonies and grow them in a 3 mL of LB 
medium supplemented with the corresponding antibiotic (1: 
1000 ratio of antibiotic to medium) O/N. 


Perform the plasmid isolation using commercially available 
miniprep kit for plasmid DNA purification. 
Verify the presence of insert by conducting restriction analysis. 
Use donor vector as a control (see Note 5). 


Sequence the entire wild-type clone to make sure that the 724 
did not introduced new mutations during the amplification 
step (see Note 6). 


Perform side-directed mutagenesis (see Subheading 3.1.2). 


In this section, we describe the side-directed mutagenesis protocol 
for midigene constructs: 


l. 


2. 


3. 


Design the mutagenesis primers to have approximatelly 20-nts 
flanking both regions of the c.859-506 position (see Fig. 1). 


Prepare mutagenesis mastermix with 1 U of high-fidelity 724 
polymerase, 0.5 uM of forward and reverse primer, 0.2 mM 
dNTPs, 1x high-fidelity reaction buffer, 2x Q-solution, and 
10-35 ng of the wild-type midigene vector in a total of 50 uL. 
Run the PCR program where the initial denaturation is at 
94 °C for 5 min; 15 cycles of denaturation at 94 °C for 30 s 
each, annealing between 50 and 58 °C for 30 s and extension 
time at least 1 min per each kb of the complete plasmid with a 
final extension at 72 °C for 20 min. 


Add 1 pL Dpnl directly to 20 pL of the PCR reaction to digest 
the original template (the wild-type sequence). Incubate the 
reaction at 37 °C for 3 h. The reaction is terminated at 80 °C 
for 20 min. 


. Perform the transformation using up to 5 pL of the reaction 


(see steps 7-13 in Subheading 3.1.1). 


. Sequence the entire mutant clone to confirm the presense of 


the desired mutation and also to identify all of the undesired 
substitutions present in the mutant clone (see Note 6). 


There are some variants that may need larger genomic environment 
in order to correctly assess them. This could be the case for muta- 
tions whose effect is only detected when other splice regulatory 
motifs are present, generally located in introns. As a consequence, 
larger genomic context should be included and based on our 
experience, it is difficult to obtain a splicing vector of this size 
because of several reasons. The first one is the probability of 
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3.21 In Silico Design of 
Maxigene Strategy 


3.2.2 Cloning of 
Maxigene Vectors 


inducing single nucleotide changes during the amplification of the 
genomic region of interest. Long-range PCR and high-fidelity 
DNA Tag polymerases may prevent this from happening, although 
these chances increase when amplifying >10 kb fragments. Recom- 
bination efficiency between the fragment and the donor vector is 
also affected, as well as the efficiency of site-directed mutagenesis 
on the entry clone. Both cases are highly associated with the size of 
the vector. To overcome these limitations, we propose to use the 
already engineered midigenes completely covering the whole gene 
in order to generate a maxigene, which combines the genomic 
context of more than one midigene. In this section, we show an 
example of the mentioned cloning strategy. 


1. Select the two midigenes that include the introns and exons of 
interest. 


2. Find a common region within both vectors (generally, it is the 
overlapping sequence between the first midigene and the 
following). 


3. Look for restriction sites in the common region (A) as well as in 
the backbone of the vector (B) (see Fig. 2). Restriction sites A 
and B should be unique in both midigenes (see Note 7). 


4. Simulate the engineering of the final construct by selecting the 
fragments flanked by restriction sites A and B in both mid- 
igenes. From the first vector (based on sequence), select the 
fragment B — A (backbone to common region), whereas in the 
second vector the fragment goes À — B (common region to 
backbone). 


1. Check if the enzymes are compatible in terms of incubation 
time/temperature, reaction buffer and stability in order to 
avoid partial digestions (see Note 8). 


2. Set the digestion reaction for midigene 1 and 2 with restriction 
enzymes A and B (see Fig. 2). Digest at least 0,5-1 ug of DNA 
and check the digestion product by gel electrophoresis (see 
Note 9). 


3. Cut the band corresponding to the fragment of interest and 
purify the DNA by using the kit of your convenience (see 
Note 10). 


4. Measure DNA concentration and perform the ligation reaction 
as described by the manufacturer ofthe T4 ligase kit (make sure 
to include a negative control the vector only). 


5. Transform 5 pL of the ligation product using DH10f compe- 
tent cells (see Note 4) and incubate for 20-30 min on ice. 


6. Perform the heat shock for 30 s at 42 °C and cool down the 
cells for 2 min on ice. 
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Fig. 2 Schematic representation of wild-type and mutant maxigene engineering. Cloning steps and site- 
directed mutagenesis are shown on the left and right section, respectively. This example of maxigene strategy 
is based on the alternative procedures explained in Subheading 3.2. SDM: site-directed mutagenesis 


3.23 Site-Directed 
Mutagenesis 


7. 


10. 


11. 


12. 


Add 250 pL of 10B/Stable Outgrowth Medium into the tubes 
and incubate for 1 h at 37 °C in the shaking incubator 
(250 rpm). 


. Plate everything on LB-agar plates containing the 


corresponding antibiotic (as we are referring to expression 
clones, these have ampicillin resistance). 


Incubate O/N at 37 °C. 


Take the plates from the incubator in the morning and in the 
same afternoon, pick colonies and let them grow at 37 °C in 
3 mL of LB medium supplemented with the corresponding 
antibiotic, i.e., ampicillin. 

Perform plasmid isolation and verify if the ligation worked by 
restriction analysis or colony PCR. As a negative control, use 
midigene 1 in parallel. 


Sequence the positive clones in order to verify that they do not 
contain any additional mutations. 


To obtain the mutant maxigene, you can either use midigene 1 or 
2 containing the mutation of interest and follow the same protocol 
indicated in the previous section or perform the site-directed muta- 
genesis on the wild-type maxigene. In order to perform the second 
option, we propose the following strategy as an example for a 
maxigene (see Fig. 2): 
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l. 


Look for unique restriction sites flanking the region of interest 
(containing the position where single-nucleotide change has to 
be performed, in this case would be C and D). 


2. Amplify this region by using high-fidelity PCR kit. 


17. 


18. 


. Incubate with normal 724 Polymerase for 20 min at 72 °C to 


add the A overhangs to the final PCR product. 


. Clone the fragment into a pGEM^-T vector following the 


instructions of the kit’s manufacturer. Incubate O/N at 4 °C. 


. The next day, transform 5 pL of the previous reaction using 


DH5a competent cells. 


. Perform the heat shock for 60 s at 42 °C and cool down the 


cells for 2 min on ice. 


. Add 250 pL of stable outgrowth medium into the tubes and 


incubate for 1 h at 37 °C in the shaking incubator (250 rpm). 


. Just before plating, add IPTG and X-Gal in the tube and 


immediately, plate everything on LB-agar plates containing 
the corresponding antibiotic (pGEM^-T vectors have ampicil- 
lin resistance). 


. Incubate O/N at 37 °C. 
10. 


Pick white colonies and let them grow at 37 °C in 3 mL of LB 
medium supplemented with antibiotic. 


. Perform plasmid isolation using available commercial miniprep 


kit for plasmid DNA purification, followed by restriction anal- 
ysis using EcoRI to check if the region is cloned. Keep in mind 
that your insert may contain an EcoRI restriction site. 


. Sequence the positive clones to check if they contain any 


additional mutations. 


. Perform site-directed mutagenesis as previously indicated for 


midigene vectors. 


. Verify the mutation by Sanger sequencing. 


. Digest both the pGEM^-T vector and the maxigene with 


restriction enzymes C and D. 


. Set the ligation reaction as indicated in the maxigene cloning 


with either the purified digestion products directly (incubating 
one of the fragments with phosphatase) or the purified frag- 
ments from the agarose gel. 


Pick colonies and perform restriction analysis or colony PCR to 
check the correct ligation between the fragment containing the 
mutation and the rest of the maxigene. 


Analyze the new inserted region by Sanger sequencing. 
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3.3 In Vitro 
Evaluation of Splice 
Vectors in Cell Lines 


3.3.1 Transfection in 
HEK293T 


3.8.2 Transfection in 
WERI-Rb-1 


The constructed midi/maxigenes need to be validated and assessed 
in vitro. In the functional studies of IRDs, the cell line of choice is 
usually HEK293T. These cells are easy to transfect and do not 
express retina-specific genes. Therefore, the expression of retina- 
specific gene delivered with the vector is not interfered by the 
endogenous expression of such gene. This advantage is counter- 
balanced by fact that the HEK293T cells have different properties 
compared to retina cells. As a consequence, the splicing dynamics 
are often but not always the same. As an alternative to better 
represent the retina-like splicing dynamics, we also describe the 
use of WERI-Rb-1 cells, which are retinoblastoma cells. These 
cells are still suitable for midigene transfection and sometimes 
mimic retina-specific splicing patterns better in comparison with 
HEK293T cells (see Fig. 3). 


1. Seed 0.5 x 10? cells/well in DMEM 10% FCS medium in 
6-well plate if you can transfect the midigene 4 h post-seeding 
(see Note 11). 


2. Once the cells are attached, transfect 1.2 ug of plasmid in a 
6-well plate. In this example we used FuGENE (ratio is 3:1 
FuGENE:plasmid). To make transfection mix, to 200 pL of 
OptiMEM medium, add 3.6 pL of FuGENE. To the transfec- 
tion mix add 1.2 pg of plasmid and incubate at RT for 
15-20 min. 


3. Dispense the transfection mix on top of the corresponding well 
(see Note 12). 


4. Incubate the plate at 37 °C for 24 (see Subheading 3.4.1) or 
48 h (see Note 13). 


5. After the incubation, gently rinse the cells with pre-warmed 1x 
PBS and then detach the cells using 500 pL trypsin. Collect the 
detached cells into a 1.5 mL Eppendorf using P1000 pipette. 


6. Centrifuge the Eppendorf tubes for 5 min at 1000 x gto pellet 
the cells, remove the supernatant and wash the cells again in 1 x 
PBS for 5 min at 1000 x g. 


7. Discard the supernatant and: 


(a) freeze the cell pellets at —80 °C (storage) after 48 h incu- 
bation and proceed with further analysis at another 
moment or, 


(b) proceed with the RNA isolation (validation of the mid- 
igene expression and splicing) after 48 h incubation. 


1. Dispense 1 to 2 x 10° cells to 1.5 mL Eppendorf tube in a total 
volume of 500 pL of DMEM 15% FCS. 


2. Transfect 1.2 ug of plasmid. In this example, we used FuGENE 
(ratio is 3:1 FuGENE:plasmid). To make transfection mix 
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Fig. 3 Experimental strategy to assess splicing defects in HEK293T or WERI-Rb-1 cell lines. The cells are first 
transfected with a wild-type (WT) or mutant (MUT) ABCA4 midigene and, following a 48-h incubation, splicing 
is validated by RT-PCR as outlined in Subheading 3.4.3 The gel picture shows an approximate read-out of the 
expected ABCA4 transcripts. MQ negative control of the PCR reaction, EMP empty transfection mix (endoge- 
nous expression of the selected genes within the cell line used) 


200 pL of OpHMEM medium with 3.6 uL of FuGENE. And to 
this tube, add 1.2 ug of plasmid and incubate at RT for 
15-20 min. 

3. Dispense the transfection mix to 1.5 mL Eppendorf tube with 
WERI-Rb-1 cells and incubate for 2 h at 37 °C. 

4. After the incubation, transfer the cells to the corresponding 
well on the 6-well plate and add medium to a total volume of 
2 mL. 

5. Incubate the plate at 37 °C for either 24 (see Subheading 3.4.1) 
or 48 h (see Note 13). 

6. After incubation, collect the cells in 1.5 mL Eppendorf tube 
and spin it for 5 min at 1000 x g. 


7. Remove the medium and wash the cells again in 1x PBS for 
5 min at 1000 x g. 


8. Discard the PBS and: 


(a) freeze the cell pellets at —80 °C (storage) after 48 h incu- 
bation and proceed with further analysis at another 
moment or, 


(b) proceed immediately with the RNA isolation (validation 
of the midigene expression and splicing) after 48 h 


incubation. 
3.8.3 Validation of Before starting to use midigenes as an artificial system, it is neces- 
Splicing Events by Reverse sary to check the effect of the variant at pre-mRNA level, and 
Transcriptase PCR (RT- therefore, the RT-PCR is used as a validation method for splicing 


PCR) events. 


l. Design forward and reverse primers to flank the region of 
interest. If the cell line used presents endogenous expression 
of your target gene, design one of the primers in the artificial 
exon of the midigene ( R HO) (see Note 14). 
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3.4 Correcting 
Splicing Defects in 
Artificial Systems 


3.41 Midigene Vector 
and AON Co-transfection 


2. Isolate the RNA from the pellets obtained in Subeading 3.3.1 
or 3.3.2 and measure the concentration using NanoDrop. 


3. Use l pg of RNA to synthesize cDNA by following the instruc- 
tion of the kit’s manufacturer. 


4. Prepare RT-PCR master mix with 1 U Taq polymerase, 1x 
PCR buffer with MgCl, 0.2 mM dNTPs, and 50-60 ng of 
cDNA in a total volume of 25 pL. In parallel, prepare the 
corresponding PCR mixes for actin (loading control) and 
RHO (midigene transfection control) using the mastermix 
recipe outlined above with appropriate actin and RHO primers. 
Run the PCR program where the initial denaturation is at 
94 °C for 5 min; 35 cycles of denaturation at 94 °C for 30 s 
each, annealing at 58 °C for 30 s and extension time at 72 °C 
for 3 min, with a final elongation step at 72 ^C for 5 min. 


5. Resolve PCR products by gel electrophoresis. Load 10 pL from 
ABCA4 PCR products and 5 pL from actin and RHO PCR 
products as well. 


6. Excise the bands coming from each midigene transfection and 
extract the DNA using a PCR cleanup kit of choice. 


7. Measure DNA concentration and if it is not sufficient for 
Sanger sequencing (minimum of 200 ng per sample), clone 
the bands in pGEM®-T vector following the manufacturer's 
instructions. 


8. Verify all bands corresponding to different splicing events com- 
paring the mutant to the wild-type condition. 


9. Correctly identify and remove midigene artifacts (see Note 15) 
or heteroduplexes (see Note 16). 


In this part of the chapter, we describe the experimental design to 
correctly compare a set of AON sequences by using midigenes as a 
model system and how to determine the efficacy of aberrant splic- 
ing correction. The utilization of photoreceptor precursor cells 
and/or retinal organoids is a recommended step in the final stages 
of AON potency validation in in vitro studies. 


Seeding 0.5 x 10° cells/well in 6-well plate provides enough cells 
to seed 6 wells on the 24-well plate. It is recommended to perform 
early calculations into how many wells will be required for the splice 
correction assay as this will influence the number of wells on the 
6-well plate required for midigene transfection. If 6 or less wells on 
the 24-well plate are needed, one 6-well plate seeded with 
0.5 x 10° HEK293T cells and transfected with midigene is 
enough. 

When setting up splice assay with AONS, do not forget about 
the minimum required controls. These include non-transfected 
control or empty transfection mix (EMP), cells transfected with 
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Fig. 4 Analysis of AON-mediated splicing correction in midigene-based splice assays. (a) Experimental 
strategy to correct splicing defects by co-transfection of wild-type (WT) or mutant (MUT) ABCA4 midigenes 
with AONs in cell lines as described in Subheading 3.4.1. (b) Representation of splicing read-out on agarose 
gel and further semi-quantitative analysis. The gel picture represents an approximation of expected ABCA4 
transcripts, further semi-quantitative analysis and graphs are based on this estimation. MQ: negative control 
of the PCR reaction, EMP: empty transfection mix (endogenous expression of the selected genes within the 
cell line used), NT: non-treated (transfected with midigene but no AONs), SON: scrambled or sense 


oligonucleotide 


wild-type (WT) midigene or mutant (MUT) midigene but not 
transfected with AONs (NT), and cells transfected with wild-type 
or mutant midigene and co-transfected with the corresponding 
scrambled or sense oligonucleotide (SON). The controls cells 
have to be seeded together with test cells and exposed to the 
exact same treatment conditions, which include medium change 
and transfer from 6-well plate to 24-well plate. 


l. Refer to Subheadings 3.4.1 and 3.4.2 for cell seeding and 


midigene transfection procedures, then incubate for the next 
24 h. 


. Use 500 uL of trypsin to detach the HEK293T. Neutralize the 


effect of trypsin with 500 pL of HEK293T specific medium and 
collect the cells in a 15 mL Falcon tube. Wash the well with 
extra 1 mL of medium to collect all the remaining cells. Add 
1 mL of HEK293T medium to make 3 mL cell suspension and 
seed 500 uL of the suspension per well in the 24-well plate 
using P1000 pipette (see Note 17). 


. Place the 24-well plate in the 37 ^C incubator and allow for at 


least 4 h incubation or until cells become attached to the wells. 


. In this example, the final concentration of the AON was at 


0.5 uM (see Note 18). To co-transfect two wells on a 24-well 
plate (wild-type and mutant midigene) with the same AON at 
0.5 pM, mix 50 pL of OptiMEM medium with 1 pL of 
FuGENF®. To this mixture add 5 pL of resuspended AON at 
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3.42 Quantification of 
Splicing Redirection with 
Image J 


10. 
11. 


100 uM stock concentration. Incubate the transfection reac- 
tion for 15-20 min at RT. After incubation add enough 
medium to make 1 mL. 


. Ona24-well plate, remove all the medium from the transfected 


wells and gently dispense 500 uL of the transfection mix to the 
wells transfected with wild-type and mutant midigenes. (see 
Note 19). 


. Place the well plate back in the incubator and allow for 48 h 


incubation (see Fig. 4a). 


. After incubation, collect the cells in an 1.5 mL Eppendorf tube 


and centrifuge for 5 min at 1000 x g. Remove the medium and 
wash the cells again in 1x PBS for 5 min at 1000 x g. 


. Discard the PBS and 


(a) freeze the cell pellets at —80 °C (storage) and proceed 
with further analysis at another moment or, 


(b) proceed immediately with the RNA isolation and the 
cDNA synthesis following manufacturer's instructions. 


. After the cDNA synthesis perform RT-PCR as previously 


described (see Subheading 3.3.3). 
Resolve PCR products by gel electrophoresis. 


Similar strategy is used for WERI-Rb-1 transfection with 
AONS. First, refer to Subheading 3.3.3 for midigene transfec- 
tion to WERI-Rb-1 cells, and follow the protocol outlined 
above. 


Measuring efficiency of an AON-based strategy represents the last 
step in order to discard or select a potential therapeutic molecule 
for further clinical studies. There are several methods available to 
calculate this efficiency and, in this chapter, we focus on a semi- 
quantification strategy for RT-PCR readouts (see Fig. 4b). 


l. 


Open the gel image (TIFF format) in Image J or Fiji (same 
software). 


. Use the rectangle tool to make selections of the bands you want 


to quantify (see Note 20). 


. Select the first lane and press Ctrl + 1. 
. Move the newly generated rectangle to the right and put it on 


top of the next lane, then press Ctrl + 2. 


. Repeat step 4 as many times as samples you have in your gel 


image. 


. After selecting all bands, press Ctrl + 3 and a new window with 


all intensity peaks will appear. 
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3.4.8 How to Know If an 
AON Is Effective? 


7. Using the straight-line tool, draw a line at the bottom of every 
peak and close it in order to remove the background signal 
from the band intensity signal. 


8. Use the wand tracing tool and click on the closed peak to 
measure its area. Automatically, a new window will appear 
showing area value while measuring all the peaks (see Note 21). 


9. Copy all area values into an Excel sheet (replace dots by com- 
mas if necessary). 


10. Calculate the total area of every condition. Use this value as a 
reference to calculate the % of correct transcript or aberrant 
transcript (see Note 22) as indicated below: 


Area Transcript 
Total Area 


11. Introduce the values in Graphpad Prism and calculate the 
average of the other replicates as well (see Note 23). 


% of Transcript = x 100 


12. Create a graph of the % of correct/aberrant transcript for every 
condition. 


13. Calculate the percentage of aberrant transcript decrease by 
setting the aberrant transcript of non-treated mutant midigene 
value as your reference, this will represent the % of correction. 


14. Take the average of the decrease in all samples per groups and 
compare the data using a One-Way ANOVA for statistical 
analysis. 


Once you assess the aberrant transcript rescue of the different 
AONS that are being tested, it is possible to classify them in several 
groups depending on their splicing redirection efficiency (see Note 
24). In previous studies [15], we classified AONS in the following 
five groups in order to analyze their properties in a straightforward 
way (see Fig. 4b): highly effective (27596 correction), effective 
(between 75% and 50% correction), moderately effective (between 
50% and 25% correction), poorly effective (between 25% and 0% 
correction), and noneffective (when correction is not detected). 

However, there are some limitations as this protocol is based on 
a semi-quantitative strategy, such as the interference of heterodu- 
plexes and midigene artifacts. Even though we presented different 
ways of overcoming these limitations, there is the possibility of 
using other quantitative strategies [16]. As an example, Fragment 
Analyzer, TapeStation or digital droplet PCR can be implemented 
in order to get more accurate splicing readouts (see Note 25). 
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4 Notes 


. The donor vector used in this example was PDONR201 vector 


supplied from Invitrogen. The destination vector used was 
pCI-NEO-A HO vector, which was adapted to contain geno- 
mic region encompassing exons 3 through 5 of R HO. 


. In the example, we used in-house primers designed for mouse 


because of the high sequence conservation between mouse 
Actb and human ACTB gene. 


. Design the primers to capture as much of the ABCA4 genomic 


content for the Gateway ”-adapted vector cloning. The primers 
have to be able to insert atz¢B sites for Gateway BP cloning. 


. Transformation efficiency for 715 kb constructs is significantly 


increased when using DH10f cells instead of DH5a. 


. Selection of enzyme(s) used to verify the insert depend on the 


backbone and the insert. We recommend to use an enzyme that 
cuts in at least two distinct places across the vector. If such 
enzyme cannot be found, we recommend to use one enzyme 
that cuts the insert and one enzyme that cuts the backbone of 
the vector. 


. If new undesired mutations are present within the insert, assess 


their potential effect on the splicing, in silico, by using tools 
designed to study pre-mRNA splicing (http://www.umd.be/ 
HSF/HSF.shtml). 


If that is not the case, uniqueness of restriction site À is not 
strictly needed for both vectors, but it is not recommended 
having more than two in one of the midigenes. On the con- 
trary, restriction site B should always be unique in both cases. 
In our case, restriction site À was located twice in the midigene 
1. For that reason, we amplified a part of midigene 1 including 
restriction site B until the beginning of the common region 
where the second restriction site À was (reverse primer included 
half of the restriction site A and phosphate group at 5’), then 
we used this product to proceed with the strategy. 


If this is not the case, sequential digestion is also possible. 


9. In our case, the amplified fragment from midigene 1 had to be 


10. 


digested with restriction enzyme B only as restriction site A was 
located twice in this plasmid, whereas midigene 2 needed 
sequential digestion with both enzymes A and B. 


Based on our experience, even if agarose gels prepared with 
TAE buffer are recommended to obtain a better resolution of 
large fragments, the loss of DNA after purification with 
TAE-specific kits is very high. As an alternative, you can 
always do a cleanup directly from the digestion product, but 
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11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


incubation with phosphatase is needed at least in one of the 
digested midigenes and screening of colonies afterwards might 
be more extensive. In our case, phosphatase incubation was 
performed in digestion product from midigene 2 to avoid 
re-ligation with itself. 


Seed at lower density (0.2-0.25 x 10° cells/well) if you have to 
wait 24 h until transfection. 


Dispense the transfection mix drop by drop across the well. 
After dispensing all the midi- /maxigenes to all the wells, gently 
swirl the plate to ensure homogenous distribution of the 
midigene. 


Twenty-four hours incubation is recommended for AON 
co-transfection in transcript rescue experiments, 48 h incuba- 
tion is recommended for assessing the expression of the wild- 
type midi- /maxigene or assessing the effect of mutation on the 
transcript. 


Using RHO primers for the RT-PCR might reveal other splic- 
ing events induced by the artificial exons. However, you can 
reduce this artifact by performing nested PCR afterwards, 
substituting the RHO primer by one binding to the next 
available exon of your transcript. 


Reduce the amount of transfected midigene if artifacts are 
masking other splicing events or change the combination of 
primers, narrowing the region of interest could reduce the 
amplification of these artifacts. 


To remove heteroduplexes from the read out, we suggest set a 
3-5 cycles PCR in the same conditions by adding 1 pL from the 
product obtained in step 5. However, this may affect the 
reliability of the method as one extra PCR step is added, for 
that reason it is important to validate the observed final read- 
out [17]. 

If you are working with more than one 6-well plate, pool all the 
cells transfected with the same midigene together. Calculate 
how much medium needs to be added. If you are working with 
less than 6 wells on the 24-well plate collect the cells in the total 
of 3 mL as described, seed the required number of wells and 
discard of the remaining cell suspension if not needed. 


The AONS can be tested at varying molarities to assess the 
concentration at which AONS are most efficient. The concen- 
tration can vary between 0.1 and 1 uM. 


As an alternative, it is also possible to remove from each well 
the exact volume of the transfection mix to be added, making 
sure the final concentration of AON does not change. 
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20. The rectangle size and position (in Y-axis) will be equal for all 
lanes and cannot be changed in further steps, so make sure to 
select a region that can cover all bands from the same lane. 


21. Try to follow a consistent order through all the analysis, start 
measuring the band corresponding to the correct transcript 
and moving to the one of either pseudoexon inclusion (larger) 
or exon skipping (smaller) band for every different lane/ 
condition. 


22. In the aberrant transcript band, total/partial pseudoexon 
inclusion or total/partial exon skipping can be counted as 
aberrant. If heteroduplexes were also included in the band 
quantification, half of the value of that band should be counted 
as correct transcript, whereas the other half should be included 
in the aberrant transcript. 


23. Itis recommended to repeat the same experiment at least three 
times (replicates) in order to perform further statistical analysis 
and make proper comparisons between all conditions 


24. This is especially useful when screening a set of AONs with the 
aim of covering entire regions at pre-mRNA levels [15]. 


25. In a same study, you can include more than one splicing 
analysis and compare between them to obtain a more robust 
result. 


This work was supported by European Union's Horizon 2020— 
Marie Sklodowska-Curie Actions grant no. 813490 (to R.W.J.C.) 
and Retina UK Foundation grant no. GR596 (to R.W.J.C.), Alge- 
mene Nederlandse Vereniging ter Voorkoming van Blindheid, 
Stichting Blinden-Penning, Landelijke Stichting voor Blinden en 
Slechtzienden, Stichting Oogfonds Nederland, Stichting Macula 
Degeneratie Fonds, and Stichting Retina Nederland Fonds (who 
contributed through UitZicht 2015-31 and 2018-21), together 
with the Rotterdamse Stichting Blindenbelangen, Stichting Blin- 
denhulp, Stichting tot Verbetering van het Lot der Blinden, Sticht- 
ing voor Ooglijders, and Stichting Dowilvo (to A.G. and R.W.J. 
C.). This work was also supported by the Foundation Fighting 
Blindness USA, grant no. PPA-0517-0717-RAD (to A.G. and R. 
W.J.C.). The funding organizations had no role in the design or 
conduct of this research. They provided unrestricted grants. 


Development and Use of Cellular Systems to Assess and Correct Splicing Defects 


References 


1. Tanna P et al (2017) Stargardt disease: clinical 
features, molecular genetics, animal models 
and therapeutic options. Br J Ophthalmol 
101(1):25-30 

2. Fadaie Z et al (2019) Identification of splice 
defects due to noncanonical splice site or deep- 
intronic variants in ABCA4. Hum Mutat 
40(12):2365-2376 


3.Sangermano R et al (2019) Deep-intronic 


10. 


11. 


165 


. Hammond SM, Wood MJ (2011) Genetic 


therapies for RNA mis-splicing diseases. Trends 
Genet 27(5):196-205 

Collin RW, Garanto A (2017) Applications of 
antisense oligonucleotides for the treatment of 
inherited retinal diseases. Curr Opin Ophthal- 
mol 28(3):260-266 

Sharma VK, Sharma RK, Singh SK (2014) 
Antisense oligonucleotides: modifications and 


ABCAdZ variants explain missing heritability in clinical trials. MedChemComm 
Stargardt disease and allow correction of splice 5(10):1454-1471 
defects by antisense oligonucleotides. Genet 12. Tomkiewicz TZ et al (2021) Antisense 


Med 21(8):1751-1760 

4. Stenson PD et al (2017) The human gene 
mutation database: towards a comprehensive 
repository of inherited mutation data for med- 
ical research, genetic diagnosis and next- 
generation sequencing studies. Hum Genet 
136(6):665-677 

5. Bauwens M et al (2019) ABCA4-associated 
disease as a model for missing heritability in 
autosomal recessive disorders: novel noncod- 
ing splice, cis-regulatory, structural, and recur- 
rent hypomorphic variants. Genet Med 
21(8):1761-1771 

6. Sangermano R et al (2018) ABCA4 midigenes 
reveal the full splice spectrum of all reported 
noncanonical splice site variants in Stargardt 
disease. Genome Res 28(1):100-110 

7. Garanto A et al (2016) In vitro and in vivo 
rescue of aberrant splicing in CEP290- 
associated LCA by antisense oligonucleotide 
delivery. Hum Mol Genet 25(12):2552-2563 

8. Khan M et al (2019) Identification and analysis 
of genes associated with inherited retinal 
diseases. In: Weber BHF, Langmann T (eds) 
Retinal degeneration: methods and protocols. 
Springer, New York, pp 3-27 


13. 


14. 


15. 


16. 


17. 


oligonucleotide-based rescue of aberrant splic- 
ing defects caused by 15 pathogenic variants in 
ABCA4. Int J Mol Sci 22(9):4621 
Cunningham F et al (2018) Ensembl 2019. 
Nucleic Acids Res 47(D1):D745-D751 

Kent WJ et al (2002) The human genome 
browser at UCSC. Genome Res 
12(6):996-1006 

Garanto A et al (2019) Antisense oligonucleo- 
tide screening to optimize the rescue of the 
splicing defect caused by the recurrent deep- 
intronic ABCA4 variant c.4539+2001G>A in 
Stargardt disease. Genes 10(6):452 

Hiller M et al (2018) A multicenter compari- 
son of quantification methods for antisense 
oligonucleotide-induced DMD exon 51 skip- 
ping in Duchenne muscular dystrophy cell cul- 
tures. PLoS One 13(10):c0204485 
Thompson JR, Marcelino LA, Polz MF (2002) 
Heteroduplexes in mixed-template amplifica- 
tions: formation, consequence and elimination 
by ‘reconditioning PCR’. Nucleic Acids Res 
30(9):2083-2088 


Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International 
License (http: //creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution 
and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons license and indicate if changes were made. 

The images or other third party material in this chapter are included in the chapter’s Creative Commons license, 
unless indicated otherwise in a credit line to the material. If material is not included in the chapter’s Creative 
Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, 
you will need to obtain permission directly from the copyright holder. 


Check for 
updates 


Modeling Splicing Variants Amenable to Antisense Therapy 
by Use of CRISPR-Cas9-Based Gene Editing in HepG2 Cells 
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Abstract 


The field of splice modulating RNA therapy has gained new momentum with FDA approved antisense- 
based drugs for several rare diseases. In vitro splicing assays with minigenes or patient-derived cells are 
commonly employed for initial preclinical testing of antisense oligonucleotides aiming to modulate splicing. 
However, minigenes do not include the full genomic context of the exons under study and patients’ samples 
are not always available, especially if the gene is expressed solely in certain tissues (e.g. liver or brain). This is 
the case for specific inherited metabolic diseases such as phenylketonuria (PKU) caused by mutations in the 
liver-expressed PAH gene. 

Herein we describe the generation of mutation-specific hepatic cellular models of PKU using CRISPR/ 
Cas9 system, which is a versatile and easy-to-use gene editing tool. We describe in detail the selection of the 
appropriate cell line, guidelines for design of RNA guides and donor templates, transfection procedures and 
growth and selection of single-cell colonies with the desired variant, which should result in the accurate 
recapitulation of the splicing defect. 


Key words Splicing, Gene editing, CRISPR/Cas9, HepG2, Inherited metabolic diseases, Phenylke- 
tonuria, Cellular models 


1 Introduction 


Splicing defects account for up to one-third of human disease- 
causing variants, according to the current estimates [1-3]. Consti- 
tutive splicing relies on the recognition of consensus splicing 
sequences (5' splice site, 3' splice site, branch point, and polypyr- 
imidine tract) by spliceosomal components, as well as of other less 
conserved regulatory elements, referred to as exonic or intronic 
splicing enhancers or silencers (ESE, ISE, ESS, or ISS), that modu- 
late spliceosome recruitment [4]. These cis-regulatory elements are 
recognized by trans-acting factors including the serine/arginine- 
rich domain-containing (SR) protein and heterogeneous nuclear 
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ribonucleoprotein (hnRNP) families that may act co-ordinately to 
accurately regulate exon inclusion. 

Pathogenic splicing variants disrupt conserved splice sites or 
regulatory elements or cause aberrant splicing by creating /activat- 
ing alternative splice sites or by promoting the aberrant inclusion of 
intronic pseudoexons [4]. Splicing can be modulated therapeuti- 
cally using antisense approaches, and to date, the clinically 
approved splice-switching antisense oligonucleotides (SSO) for spi- 
nal muscular atrophy, Duchenne muscular atrophy and for an indi- 
vidual patient with a rare, fatal neurodegenerative disease [5-7 ], 
represent landmarks in the field, opening new avenues for treat- 
ment of patients with defects amenable to splice-mediated 
correction. 

The first requirement for the accurate design and testing of 
antisense splice correction therapy is the availability of relevant 
experimental models in which to dissect the underlying molecular 
mechanisms of pathogenic variants and to test candidate molecules. 
In this sense, the development of clustered-regulatory interspaced 
short palindromic repeats (CRISPR)-CRISPR associated nuclease 
(Cas) genome editing has paved the way to the rapid and easy 
generation of new and improved cell/animal models of disease. 
This has facilitated the understanding of the specific pathogenic 
effect and has allowed efficient testing of targeted therapies, includ- 
ing allele-specific repair for splicing mutations, in tissue types with 
native expression levels [8-13]. Based on a naturally employed 
bacterial defense mechanism [14, 15], CRISPR/Cas9 technology 
was developed as a programmable system of genetic editing that 
commonly uses the Cas9 nuclease from Streptococcus pyogenes and a 
RNA duplex comprised of a sequence-specific CRISPR RNA 
(crRNA) and a generic trans-activating CRISPR RNA (tracrRNA) 
that directs the nuclease to a cut site point, three base pairs 
upstream of the protospacer adjacent motif or PAM. The PAM is 
a three-nucleotide motif essential for the nuclease to recognize its 
DNA target which in the case of Cas9 is NGG. The crRNA and the 
tracrRNA can be delivered individually or linked in a single RNA 
molecule. These elements can be delivered to cells as plasmids or as 
a ribonucleoprotein (RNP) complex [16]. 

Once Cas9 nuclease cuts the DNA introducing a double 
stranded break (DSB), the cell can repair this through two different 
mechanisms: non-homologous end-joining (NHEJ) which usually 
results in small insertions or deletions, useful for the generation of 
gene knockouts, or homology driven repair (HDR), used to intro- 
duce specific changes via a DNA template with homology arms to 
our target locus and containing the sequence or point mutation 
desired [16]. 

In our laboratory we have used CRISPR/Cas9 technology to 
introduce splicing mutations causing inherited metabolic diseases 
(IMD) in cellular and animal models. IMD are monogenic diseases 
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2 Materials 


21 Cell Culture 


characterized by dysregulation of the metabolic networks that 
underlie development and homeostasis [17]. They belong to the 
category of rare diseases due to their low individual prevalence and 
are generally enzyme deficiencies of autosomal recessive inheri- 
tance, characterized by the toxic accumulation of precursors and 
of their derivatives or by lack of downstream metabolites. Several of 
the most frequent and well characterized IMD, e.g. organic acid- 
emias and amino acid disorders, are of major hepatic expression 
and, as in other genetic diseases, 13-25% of all disease-causing 
variants interfere with mRNA splicing (HGMD statistics, Profes- 
sional Release 2019.3). These data warrant further investigation of 
the therapeutical potential of SSOs in these diseases and the gener- 
ation of liver specific cellular models for these studies. 

The generation ofa cell model using CRISPR/Cas9 system can 
be done in a huge variety of cell lines. In this chapter we describe 
the protocol for efficient introduction of a specific splicing variant 
in the PAH gene, coding for phenylalanine hydroxylase, and 
responsible for the well characterized disease phenylketonuria 
(PKU, MIM#261600), inherited in autosomal recessive fashion. 
Human PAH is exclusively expressed in liver, so in this protocol we 
use hepatoma cell line HepG2 seeking to attain edition in both 
alleles (homozygous phenotype). We explain how to select for the 
appropriate cell line in each particular case, describe the design of 
RNA guides and donor templates, transfection procedures, growth 
of single-cell colonies, selection and testing to confirm genomic 
edition, and accurate recapitulation of the splicing defect (Fig. 1). 
Appropriate controls to be included in each step are explained, as 
well as the necessary precautions to be taken especially for intronic 
splicing variants. We use as example the CRISPR/Cas9-mediated 
introduction of the recently characterized PAH intronic variant, 
c.1199 + 20G &gt; C, that causes exon skipping due to disruption 
of a splicing regulatory element [18]. This variant creates a PshAI 
restriction site, which is used to screen for gene edition in the 
transfected cells. 


. Laminar flow-hood. 

. Humid CO, incubator. 

. Centrifuge. 

. Phase-contrast microscope. 

. Hemocytometer-double chamber with Neubauer rulings. 


. Manual Counter. 


"Oo 014 Q NW — 


. Consumables: Tissue culture plates, filtered tips, falcon tubes, 
Eppendorf tubes. 
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Fig. 1 Outline of the gene editing experimental protocol. (This image was created using BioRender) 


8. Phosphate Buffered Saline (PBS). 


9. Minimum Essential Medium (MEM) supplemented with 10% 
Fetal Bovine Serum (FBS), 1% L-Glutamine, and antibiotics. 


10. Solution of trypsinCEDTA: 0.25% trypsin, 1 mM EDTA. 
11. Trypan Blue Solution: 0.4% trypan blue in PBS. 

12. Micropipettes. 

13. Stripper micropipettes and 150 ym tips (Origio Inc). 
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22 Ribonucle- 
oprotein (RNP) 
Transfection 


23 Fluorescence 
Activated Cell Sorting 


24 Genomic DNA 
Isolation 


25 Polymerase 
Chain Reaction (PCR) 


2.6 Restriction 
Fragment Length 
Polymorphism Assay 
(RFLP) 


27 RNA Isolation 
and Reverse 
Transcription 


1. Cas9 Nuclease (see Note 1). 


N 


oo N OAN AOO 


. Fluorescently labeled tracrRNA (tracrRNA-ATTO550) (see 


Note 1). 


. Single-stranded (ss) DNA Template (see Note 1). 

. crRNA (see Note 1). 

. RNA Duplex Buffer supplied by the manufacturer (see Note 1). 
. Nuclease-Free Water. 

. Opi MEM media. 


. Lipofectamine Transfection Reagent (see Note 2). 


. Sorting buffer: PBS, 5 mM EDTA, 25 mM Hepes pH 7.0 


supplemented with 2% FBS. 


2. 5-mL polystyrene tubes with cell strainer. 


. Cell Sorter. 


. QIAamp DNA Mini Kit for DNA purification (Qiagen). 


2. Centrifuge. 


On Pe tl — 


. NanoDrop One 


spectrophotometer (Thermo Fisher 


Scientific). 


. Thermal cycler. 

. PCR tubes. 

. Nuclease-Free Water. 

. dNTPs. 

. FastStart Taq DNA Polymerase (Roche) and PCR buffer 10x 


(25 mM MgCl). 


. Target-specific primers. 
. Agarose gel with ethidium bromide (0.4 pg/mL) and UV 


transilluminator. 


. DNA Molecular Weight Marker. 


9. Kit to purify PCR products, e.g., Cycle Pure Kit for PCR 


product purification (Omega). 


. PshAI restriction enzyme and enzyme reaction buffer. 
. Agarose gel with ethidium bromide (0.4 pg/mL) and UV 


transilluminator. 


. DNA Molecular Weight Marker. 


. Trizol isolation reagent (Ambion). 


2. 2-Propanol and chloroform. 


. Ethanol 7596. 
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28 Web Resources 


3 Methods 


3.1 HepG2 Cell 
Culture 


3.2 Design of Guide 
RNAs and Donor 
Template 


l. 


. RNase-Free Water and RNase free-consumables. 


. NanoDrop One  spectrophotometer (Thermo Fisher 


Scientific). 


. Thermal cycler. 
. NZY First-Strand cDNA Synthesis Kit. 


. Sequences and genomes: https://www.ensembl.org/. 


. Sequences alignments: https://blast.ncbi.nlm.nih.gov/ Blast. 


cgi. 


. Design and analysis of crRNAs: https://bioinfogp.cnb.csic.es/ 


tools/breakingcas/. 


. Design, analysis and/or ordering of crRNAs, tracrRNA, 


ssDNA Templates: https://eu.idtdna.com/site/order/ 
designtool/index/CRISPR_SEQUENCE. 


. PCR primer design: http: //bioinfo.ut.ee/primer3-0.4.0/. 
. Primer and PCR product analysis: https: //www.ncbi.nlm.nih. 


gov/tools/primer-blast/. 


. Culture the selected HepG2 cell line following standard pro- 


cedures in P-100 culture dishes with MEM supplemented with 
10% FBS, antibiotics, and glutamine at 37 °C in an incubator 
with 95% humidity and 5% CO» (see Notes 3-6). 


. Just before transfection (see Subheading 3.5 below) detach 


cells by trypsinization. First, aspirate the media and wash the 
cells with PBS. Once the PBS has been aspirated from the plate, 
add 0.25% trypsin-EDTA into the plate and incubate at 37 °C 
for 5 min. Check by microscopy that the cells are rounding 
up. Once the cells are detached from the plate add 10% FBS in 
MEM to stop the trypsin reaction. Pipette the cells up and 
down to dissociate detached cell clumps into single cells. Trans- 
fer the cells to a falcon tube and spin them in a centrifuge at 
218 x gfor 5 min. Discard the supernatant and resuspend the 
cell pellet in fresh medium. 


. Count the resuspended cells using a hemocytometer. Prepare a 


dilution 1:8 of the cells in Trypan Blue solution to distinguish 
dead cells (stained blue). Add the cell suspension to both 
chamber sides of the hemocytometer and count the cells with 
the help of a manual counter. 


Design the specific crRNA guides with the help of bioinformat- 
ics software and their potential off-targets (see Notes 7-12) 
(Fig. 2). 
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crRNA 1 


PAH gene AAGGUGAGCCACUAGCUCUG 


Cut site 1 PAM crRNA 1 
Exon 11 — Intron 11 


.. GAGTTTTAATGATGCCAAGGAGAAAGTAAGeteaggtggtgacaaaggtGagccactagctCtgggggcctcctgactggtgccactcatctgtgggt... 


ssDNA template " 
PAMcrRNA2 Cut site 2 


GAUCGAGACCCCCGGAGGAC 


crRNA 2 


Fig. 2 Schematic representation of the PAH gene region surrounding the c.1199 + 20G &gt; C mutation, 
showing the sequence of the ssDNA template which will include the desired change (green line with red box) 
and the crRNA guides used (purple arrows), indicating the corresponding PAM sequences (gray rectangles) 
and the Cas9 nuclease cut sites 3 nucleotides upstream of PAM (blue arrows) 


2. Design the ssDNA donor template (see Notes 13-15) (Fig. 2). 


3. Order the crRNA guides, tracrRNA, ssDNA donor template, 
Cas9 nuclease, transfection reagent, and all the necessary 
reagents for the CRISPR/Cas9 system (see Note 1). 


3.3 Preparation of 1. Resuspend the crRNA and tracrRNA-ATTO550 in 20 and 
RNA Duplex 50 uL of Nuclease-Free Duplex Buffer, respectively, resulting 
in 100 uM stock concentrations (see Notes 16-19). 

2. Prepare the RNA Duplex at a final concentration of 1 uM by 
mixing the tracrRNA and the crRNA in equimolar concentra- 
tions in Nuclease-Free Duplex Buffer (add 1 pL of each crRNA 
and tracRNA-ATTOS50 to 98 uL of buffer) (see Note 20). 


3. Heat at 95 °C for 5 min. 


4. Cool to room temperature (25 °C). 


34 Preparation of 1. Dilute Cas9 nuclease to a working concentration of 1 uM in 
the Ribonucleoprotein OptiMEM (see Note 21). 
Complex (RNP) 2. Prepare the RNP by mixing in independent tubes for each 


crRNA the following: 24 uL of RNA duplex (1 uM), 24 pL 
of Cas9 (1 uM), 9.6 pL of Cas9 PLUS reagent from CRISPR 
MAX kit (see Note 21), and 342.4 uL of Opi MEM, adding to 
a total 400 pL. 


3. Incubate at room temperature for 5 min. 


3.5 Reverse l. Prepare the ssDNA Donor Template at a working concentra- 
Transfection of RNP tion of 1 uM in Nuclease-Free Water. 

and DNA Donor 2. Prepare the transfection mixing the following for each well of a 
Template 6-well plate: 7.2 uL of 1 uM ssDNA donor template, 400 pL of 


RNP complex, 19.2 uL of CRISPRMAX Transfection reagent 
and 373.6 uL of OptiMEM, adding to a total 800 pL (see 
Notes 22 and 23). 


3. Incubate at room temperature for 20 min. 
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3.6 Fluorescent- 
Activated Cell Sorting 
(FACS) 


3.7 Generation of the 
Single-Cell Colonies 


4. 


During the incubation of the transfection mix proceed to 
detach HepG2 cells by trypsinization as explained above (Sub- 
heading 3.1) (see Note 24). 


. Prepare a dilution of 4 x 10? cells/mL with complete MEM 


without antibiotics. 


. Once the incubation of the transfection mix is complete, add 


800 uL to each well of the 6-well plate. 


. Add 1600 uL of the cell suspension to each well containing the 


transfection mix, for a final volume of 2400 pL. The number of 
cells should be 6.4 x 10? cells/well; final concentration of 
RNP is 10 nM and final concentration of the ssDNA donor 
template is 3 nM (see Note 22). 


. Incubate the cells in an incubator at 37 °C and 5% CO, for 


24 h. If you are not using tracrRNA-ATTO550 and 
performing FACS analysis, incubate for 48 h and skip 
(Subheading 3.6). 


. Trypsinize the cells as explained above 24 h after transfection. 


2. Dilute 1.5 x 10 cells in 300 pL of sorting buffer. 


. For each sample to be collected, a 15 mL Falcon tube with 


2 mL of FBS supplemented with 2 pL of antibiotics mix must 
be prepared. 


4. Collect fluorescent cells for each crRNA. 


Bm ow WN LT 


. Centrifuge at 218 x gfor 5 min. 
. Seed 1 x 10? cells per well of 6-well plate. One complete 6-well 


plate for each crRNA is enough. 


. Incubate the cells in an incubator at 37 °C and 5% CO3. 


Change the medium every 2 days. Expand the cell culture 
and freeze several cryotubes of the total pool of transfected 
cells (see Note 25). 


. Trypsinize the cells as explained above. 

. Count the cells with the help of a hemocytometer. 

. Seed 150-200 cells in a 150-mm plate. 

. Incubate the cells in an incubator at 37 °C and 5% CO, for, at 


least 15 days (see Note 5). 


. Once the colonies can be seen with the naked eye, select and 


pick the colonies with a stripper micropipette and 150 um tips. 
This should be done by observing colonies under a microscope 
inside a laminar flow-hood under sterile conditions (see Notes 
26 and 27). 


. Put each colony in a 1.5 mL Eppendorf tube with 50 uL of 


trypsin and incubate at 37 °C for 5 min. 
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3.8 Genomic DNA 
Extraction and RFLP 
Analysis 


7 


Individualize the cells by pipetting up and down several times. 
Seed the cells derived from the colonies into 24-well plates. It is 
not necessary to centrifuge previously. 


. Expand the culture and change the medium every 48 h. Once 


the cells are confluent, trypsinize the cells and split them into 
two wells of a 12-well plate. One of the wells will be used to 
isolate DNA for analysis, while the other will be used to freeze 
and/or expand the colony (see Notes 28 and 29). 


. Trypsinize the cells as indicated above, centrifuge the cells at 


300 x 5 for 5 min and discard the supernatant. 


2. Resuspend the pellet with 200 uL of PBS. 


10. 


11. 


. Isolate the DNA using QIAamp DNA Mini kit (Qiagen) fol- 


lowing the manufacturer's protocol (see Note 30). 


. Quantify the DNA concentration in the isolate using Nano- 


drop One spectrophotometer. 


. Design primers using Primer3 software (http://bioinfo.ut.ee/ 


primer3-0.4.0/) for amplification of the region surrounding 
the desired edited change (500—600 bp) (see Note 31). 


. Prepare pools of DNA mixing equal amounts (circa 50 ng) of 


DNA from individual colonies (4 or 5) in a PCR tube to obtain 
a final amount of 200 ng (see Note 32). 


. Perform PCR according to standard procedures. Use 200 ng of 


genomic DNA in a 50 pL PCR reaction with 1 uM of each 
primer, 200 uM of each dNTP, 2 unit of Taq polymerase and 
PCR buffer 1x. The PCR amplification program is as follows: 
1 cycle with 5 min at 95 °C, 36 subsequent cycles of 25 s at 
95 °C, 25 s at 50-60 °C (depending on the primers), and 40 s 
at 72 °C, with a final 7-min extension at 72 °C. 


. Run 5 pL of each sample in a 2% agarose gel with ethidium 


bromide (or other safer dye, such as GelRed or SYBR Safe) to 
confirm amplification. 


. Digest 5 uL of each amplified sample in a final volume of 20 pL 


with the restriction enzyme using the appropriate buffer and 
following the manufacturer's indications (see Notes 33 and 
34). 

Run the restriction reaction volume in a 2% agarose gel with 
ethidium bromide to visualize the resulting DNA bands. 
Repeat the PCR and the restriction assay for each individual 


clone included in the pools for which a positive RFLP analysis 
is observed (in our example, digestion with PhsAI) (Fig. 3). 
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A) WILD-TYPE 
tggtgacaaaggtGagcc 
-PshAI 
B) 


MWM C 1 2 3 
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MUTANT (c.1199+20G>C) 


tggtgacaaaggtCagcc 
+PshAl 


+ PhsAl 


B 5 6 7 8 9 10 11 12 13 14 15 


546 bp 


— — ———— - 279/267 bp 


Fig. 3 RFLP analysis to monitor for gene edition. The wild-type and mutant sequences are shown in panel 
a and panel b is a representative gel showing RFLP analysis of single-cell colonies. Top bands correspond to 
the amplified PCR products and lower-sized bands correspond to the products obtained by digestion with 
PshAl enzyme due to the introduction of a restriction site with the point mutation c.1199 + 20G &gt; C. 
C undigested control. Colonies 1, 3, 4, 6, 8, 9, 11—15 are positive and heterozygous (one allele edited) 


3.9 Sequencing l. 


Analysis of Candidate 
Clones and Off-Targets 
Analysis 


3.10 RNA Isolation l. 


Using DNA from positive clones, perform a PCR to amplify 
the edited region and those regions where potential off-targets 
were identified by the software (see Note 6), using specific 
primers designed using Primer3 software (see Note 35). 


. Purify the PCR products using a PCR purification kit (see Note 


36). 


. Prepare the mix for the sequencing reaction according to the 


instructions of the genomics facility and/or the sequencer. 
Carry out the sequencing with the forward and the reverse 
primers in separate reactions. 


. Analyze the sequences with the help ofa chromatogram viewer 


(see Notes 35 and 37). 


Once a correctly edited clone has been identified, expand the 
culture to obtain enough cells for RNA isolation. 


. Wash with PBS and trypsinize the cells. Centrifuge the cells at 


16,000 x g for 5 min and discard the supernatant. Cells can be 
frozen at —70 °C in this step. 


. Add 1 mL of Trizol per sample. Incubate the homogenate for 


5 min at room temperature to achieve complete dissociation of 
nucleoprotein complexes. 


. Add 200 uL of chloroform. Mix by vortexing for 15 s and 


incubate for 2 min at room temperature. 


. Centrifuge at 12,000 x 5 for 15 min at 4 °C to separate the 


phases. 


. Transfer the aqueous phase (upper and transparent) to a new 


Eppendorf tube. 
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3.11 RT-PCR and 
Sequencing Analysis 
to Confirm the Splicing 
Defect 


4 Notes 


10. 


11. 


12. 


13. 


14. 


. Add 500 uL of 2-propanol. Mix by vortexing for 15 s. 


. Incubate the samples at room temperature for 10 min followed 


by an incubation of, at least, 20 min at —20 °C. 


. Centrifuge the samples at 12,000 x g for 30 min at 4 °C. 


Discard the supernatant. 


Add 1 mL of 7596 ethanol and wash the precipitate by vortex- 
ing (it can be stored in 75% ethanol for a week at 4 °C or a year 
at —20 °C). 
Centrifuge at 12,000 x g for 5 min at 4 °C and discard the 
supernatant. 


Centrifuge at 7500 x g for 1 min at 4 °C. Let the pellet dry at 
room temperature until they become transparent. 

Dissolve the dry RNA in 30 pL of “Nuclease-Free Water” by 
pipetting and incubate it at least 10 min on ice (if it does not 
dissolve well it can be incubated 10-15 min at 55-60 °C). 
Measure the concentration of the isolated RNA using Nano- 
Drop One and keep the samples at —70 °C until use. 


. For reverse transcription with the NZYRT System, use 1 pg of 


RNA, following the manufacturer’s protocol. Random hexam- 
ers, oligo(dT) or vector-specific primer can be used. Mix RNA 
with NZYRT Master mix and NZYRT Enzyme mix in a final 
volume of 20 pL in PCR tubes, incubate 10 min at 25 °C, 
followed by 30 min at 50 °C, 5 min at 85 °C and cool to 4 °C. 


2. Add 1 pL of NZY RNase H and incubate at 37 °C for 20 min. 


. Perform a standard PCR reaction using 1 uL cDNA and a final 


volume of 25 pL. 


4. Run 5 pL of each sample in a 2% agarose gel. 


. Purify, quantify, and sequence the PCR product as explained 


above (see Note 38). 


. All the specific reagents for gene editing (crRNA, tracrRNA- 


ATTO550, ssDNA template, Cas9 Nuclease) explained in this 
protocol were obtained from IDT (Integrated DNA Technol- 
ogy). However, it is important to note that there are several 
other companies that sell these same products performing 
equally well. It is the researcher's decision to decide which 
company he wants to work with. 


. The method of delivery and/or the transfection reagent will 


depend on our cell line or on our preferences. Lipofection with 
Lipofectamine™ CRISPRMAX™ Cas9 and its Transfection 
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Reagent (Thermofisher) has been the method and the reagent 
chosen is this protocol. 


. Before starting the gene editing experiment, it is important to 


check that the chosen cell line expresses the gene of interest 
(mRNA and protein) and corresponds to a tissue relevant for 
your studies, i.e., splicing defect was observed in this type of 
cells, as splicing outcomes may depend on tissue-specific splice 
factors. It is also essential to take into account the organism 
from which the cell line is derived. For example, intronic 
sequences are not well conserved among species, and this is 
crucial when, for example, the aim is to study intronic splicing 
mutations. 


. It is necessary to verify the karyotype of the chosen cell line, to 


confirm it is normal, at least in relation to the pair of chromo- 
somes where the gene that is going to be edited is located. 
Most established cell lines show aneuplodies and structural 
chromosomal alterations that will hinder the desired gene edi- 
tion if the corresponding chromosome is affected. In our case, 
we tested a battery of human hepatoma cell lines, Hep3B, 
HepG2, Huh7 among others and selected an HepG2 cell line 
with two chromosomes 12 where the PAH gene is located. 
Karyotype analysis is a routine service offered by many human 
genetic diagnosis laboratories. 


. The chosen cell line should have the ability to form “single-cell 


colonies." This is necessary to isolate individual cells after 
transfection that will be subsequently expanded for genetic 
characterization to confirm and select correctly gene edited 
clones. There are different procedures for the generation of 
*single-cell colonies": (a) cell sorting: 1 cell/96-well-plate well 
using a cell sorter, (b) serial dilutions, and (c) seeding the cells 
at a high dilution (approximately 100 cells in one 150 mm 
plate). 

The election of one method or another will depend on the 
cell line, so it is advisable to test this before generating the 
colonies with the edited cells. In our hands, for example, 
HepG2 cells exhibited high mortality after sorting and plating 
in 96-well plates, so we selected option c. For some cell lines 
the use of conditioned medium (filtered culture medium col- 
lected from control cells) can aid the growth in the form of a 
colony derived from a single cell. The time of growth and 
appearance of single-cell colonies will depend on the type of 
cells you are working with. With HepG2 cells, colonies 
emerged and reached the correct size after circa 20 days. 


. It is advisable to have the region sequenced before starting the 


editing experiment to identify single-nucleotide polymorph- 
isms in the specific cell line used which may affect the design 
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10. 


11. 


12. 


13. 


of RNA guides and DNA templates, as well as result in errone- 
ous interpretation of the sequencing analysis of the edited 
clones (concluding there has been an extra change introduced 
during DNA repair after Cas9 reaction when it was already 
present in the sequence prior to editing). 


. There are multiple softwares for designing RNA guides for 


CRISPR assays. In our case we have used Breaking Cas software 
(http: //bioinfogp.cnb.csic.es/tools/breakingcas) [19], which 
we find user-friendly, and the one offered by the company IDT, 
obtaining nearly identical results. In this sense, it is advisable to 
use and compare the results from at least two different soft- 
wares, to be sure that the selected guides are the most suitable. 


. It is advisable to test at least two RNA guides in a parallel and 


independent way. Generally, according to IDT, in 2/3 of the 
cases, sense sequence guides will work better than antisense 
guides. As we cannot predict which ones will do best for a given 
locus, we recommend testing both orientations. 


. As an optional step, you can pretest your RNA guides with an 


in vitro digestion after PCR amplification of the target region 
to confirm their efficiency (following IDT protocol). 


SnapGene Viewer (https://www.snapgene.com/) has been the 
software used for visualization of sequences used in this proj- 
ect, location of crRNA, DNA templates, restriction sites, etc. 
and for sequence analysis of the individual edited clones. How- 
ever, other programs and software can be used. 


Cas9 nuclease cut site should be as close as possible to the 
sequence (nucleotide) which is to be edited. This requirement 
limits the region where we will design the RNA guides, espe- 
cially if we want to introduce a point mutation as is the case 
here. It should be noted that this does not generally apply for 
the generation of a knock-out model, or in general, if we are not 
focused on introducing a mutation in a specific DNA position; 
in those cases the cut site can be in any position, so the design 
and choice of the RNA guide is much easier. 


If possible, it is recommended to choose an RNA guide target- 
ing the region that includes the nucleotide we intend to edit. 
Once the edition of that locus has occurred, the affinity of our 
RNA guide is reduced (because of a mismatch due to the 
mutation introduced), thus hindering possible reediting. 


A ssDNA oligonucleotide containing the desired point muta- 
tion to be introduced is used as a template by the cell to repair 
the double strand break induced by Cas9 through HDR. The 
mutation of interest included in the ssDNA template should be 
in the middle of the sequence flanked by the homology arms. 
The length of the homology arms should be 35—40 nucleotides 
ifit is a single-nucleotide change. Using longer homology arms 
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14. 


15. 


16. 


17. 


18. 


19. 


does not increase the homologous recombination success rate. 
However, for longer edits (e.g. insertion/deletion of several 
nucleotides), the length of the homology arms must also be 
increased. 


For small insertions or single-nucleotide changes, ss DNA tem- 
plate is recommended. In other experimental situations (intro- 
duction of >100 nucleotide sequences) it may be advisable to 
use double stranded DNA templates. 


In most gene editing protocols, introducing translationally 
silent sequence changes in the DNA template eliminating the 
PAM sequence is recommended, to avoid reediting of our 
target which may introduce unwanted changes. However, 
when dealing with intronic or exonic splice mutations, any 
extra change may alter the final splicing outcome so this should 
be avoided. 


Standard desalting or HLPC are the purification methods 
recommended when ordering the ssDNA template. Also, espe- 
cially in rich nucleases environments, phosphorothioate bonds 
(PS Bonds) at the extremes of the oligonucleotide are advis- 
able, ideally putting at least two for each end of the template. 


This protocol is written to use separate crRNA and tracrRNA. 
There is also the possibility of working with single guide RNA, 
where both are linked together, so this step will be different, 
refer to manufacturer's recommendations. 


The resuspension volumes depend on the amount of purchased 
crRNA and tracrRNA. A table of equivalences for different 
quantities is available in the IDT protocols. It is important to 
keep in mind that the resuspended RNA oligonucleotides can 
be stored at —20 °C. The volumes and quantities referred to in 
this protocol are calculated for a 6-well plate, which has been 
the format used by the authors. Refer to the protocols available 
on the IDT website for other formats (e.g. 96-well plate). 


The use of tracrRNA fused to the ATTO550 fluorophore is not 
strictly necessary but, in our hands, it was very useful for 
measuring transfection efficiency and to select transfected 
cells by fluorescence activated cell sorting (FACS) before 
clone generation. However, in cell types where transfection 
efficiency is known to be high/very high this step may be 
waived. In addition, there are certain cell types that are more 
prone to damage during the sorting process, so it would not be 
advisable to use this procedure to avoid increasing cell mortal- 
ity. The protocol described can also be used for tracrRNA 
without ATTO550. In addition, it is important not to confuse 
transfection efficiency rate with editing efficiency, since a cell 
may have been transfected, but not edited. It is important to 
keep in mind that the success rate of the gene editing will not 
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21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


only depend on the quality of the guide, but also on the 
transfection method, the locus we are editing, the cell type, etc. 


The RNA Duplex can be prepared at a final concentration 
>l pM and stored at —20 °C during, at least, 6 months. Before 
use, it should be diluted in Nuclease-Free Duplex Buffer to a 
working concentration of 1 uM. 


IDT provides Cas9 nuclease at a stock concentration of 62 uM. 
It can be diluted in different buffers, such as PBS or Cas9 
Working Buffer (20 mM HEPES, 150 mM KCI, pH 7.5). 
This will depend on our cell type. In our case we have used 
OptiMEM to dilute the Cas9 enzyme. It will be important to 
take these details into account when purchasing Cas9 nuclease 
from other companies. 


The final concentration of the ssDNA template is variable 
depending on the cell type, delivery method, etc. In this case 
(transfection of HepG2 cells with Lipofectamine (CRISPR- 
Max)), a final concentration of 3 nM ssDNA template was 
used, following the manufacturer's recommendations. Trans- 
fecting higher amounts of ssDNA template does not ensure a 
higher rate of editing success. In addition, large amounts of 
DNA oligonucleotide can become toxic for the cells and 
increase cell mortality. 


In initial experiments, it is advisable to perform the reverse 
transfection of each crRNA guide in triplicate (three 6-well 
plate wells/crRNA). 


As with any transfection assay, it is advisable to split and pass 
the cells at least once after defrosting before starting the test. 


Before generating colonies derived from a single cell, it is 
important to freeze the remaining total pool of cells transfected 
with each crRNA. In the event of any problem we could defrost 
those cells to generate the colonies again without the need to 
repeat the transfection. 


Once the colonies have grown to a size allowing us to handle 
them efficiently, they must be expanded for analysis. You can 
select as many colonies as you can manage. You must consider 
that expansion, cultivation, and analysis of individual colonies 
require considerable effort and dedication. Normally we grow 
around 50-70 colonies for each crRNA used. 


The system used to select colonies and pick them can be very 
variable. For example, cloning cylinders can be used or other 
methods of choice of the researcher. 


We expanded the single-cell colonies in 24-well plates, but this 
can be modified according to the researcher’s preferences 
and/or cell line characteristics using plates with different for- 
mats. In our case, once the cells are confluent, we divide each 
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29. 


30. 


31. 


32. 


33. 


34. 


35. 


well of the 24-well plate into two wells of a 12-well plate. It is 
important to keep accurate record of each duplicate, since one 
of them will be used to extract DNA for analysis, and the other 
will be used to freeze the colony and, in case it is the one 
selected, expand it for further characterization and use. 


The analysis of the colonies derived from a single cell is neces- 
sary to identify edited ones. In our case, the point mutation 
that we are introducing generates a new restriction site for the 
PshAI enzyme. This is very useful to rapidly and easily screen by 
RFLP analysis for the presence of the introduced mutation, 
although the edited region must be verified by sequence analy- 
sis. In some applications, translationally silent changes are 
introduced in the donor template near the mutation to cre- 
ate/destroy a restriction site, thus allowing RFLP screening. 
However, this is not recommended for splicing mutations as 
any nearby change may alter the splicing outcome. Alternative 
approaches to evaluate edition efficiency include next- 
generation sequencing approaches or digital droplet PCR. 


Other commercial kits or in-house methods can be used for 
DNA extraction. 


Other alternative software and resources can be used with the 
same objective. Primers are designed to amplify the region with 
the desired change, which should ideally be in the middle ofthe 
amplicon, so after digesting with the corresponding enzyme 
and running the products in an agarose gel we can easily 
distinguish digested and undigested DNA bands, which will 
facilitate the identification of the positive clone. Care should be 
taken during primer design to ensure that there are no other 
restriction sites for the corresponding enzyme (in our case 
PshAI) within the amplicon. 


Due to the high number of colonies, it is very laborious to 
analyze all of them individually. Therefore, it is advisable to 
make pools with DNA extracted from 4 or 5 colonies, mixing 
them to obtain 200 ng of total DNA. Once edition is observed 
in the RFLP analysis, colonies will then be analyzed 
individually. 

Itis not necessary to purify the PCR products before restriction 
enzyme digestion. Purification of PCR products does not 
improve digestion efficiency, as the PCR product is diluted 
enough so that the different components of the PCR reaction 
do not interfere with the enzymatic activity. 


The conditions, temperatures, and times of the restriction 
reaction may depend on the enzyme and/or the trademark. 


Usually, amplification and subsequent sequencing of the three 
possible off-targets with the highest scores identified by the 
software used is enough. Based on our experience we can 
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Abstract 


The genodermatosis dystrophic epidermolysis bullosa (DEB) is caused by mutations in the COL7A1I gene 
which encodes type VII collagen (C7). In the cutaneous basement membrane zone, C7 secures attachment 
of the epidermal basal keratinocyte to the papillary dermis by means of anchoring fibril formation. The 
complete absence of these anchoring fibrils leads to severe blistering of skin and mucosa upon the slightest 
friction and early mortality. To date, although preclinical advances toward therapy are promising, treatment 
for the disease is merely symptomatic. Therefore, research into novel therapeutics is warranted. 

Antisense oligonucleotide (ASO)-mediated exon skipping is such a therapy. Clinical examination of 
naturally occurring exon skipping suggested that this mechanism could most likely benefit the most severely 
affected patients. The severe form of DEB is caused by biallelic null mutations. Exon skipping aims to bind 
an ASO to the mutated exon of the pre-mRNA in the cell nucleus. Thereby, the ASO inhibits the 
recognition of the mutated exon by the splicing machinery, and as a result, the mutated exon is spliced 
out from the mRNA with its surrounding introns, i.e., it is skipped. Here, we describe in vitro methods to 
evaluate ASO-mediated exon skipping in a preclinical setting. 


Key words Epidermolysis bullosa, Therapy, Exon skipping, Antisense RNA, Fibroblasts, Keratino- 
cytes, Splice modulating 


1 Introduction 


In this chapter, we describe the evaluation of ASO-mediated exon 
skipping as a therapeutic approach for DEB in a preclinical in vitro 
setting. DEB is caused by mutations in the COL7AI gene which 
encodes type VII collagen (C7) [1]. DEB is a rare disease affecting 
1-9 in every one million births, worldwide. The disease is charac- 
terized by severe blistering of skin and mucosae. DEB can be 
inherited both dominantly and recessively, and the severity of the 
disease strongly depends on the quantity and functionality of the 
C7 protein present at the cutaneous basement membrane zone. 
The most severe recessive form of DEB (RDEB-gen sev) is caused 
by biallelic null mutations and the complete absence of C7 in the 
skin. Previously, we have shown that for RDEB-gen sev caused by 
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2 Materials 


21 Cell Culture 


biallelic null mutations, exon skipping is anticipated to be clinically 
beneficial [2]. 

Exon skipping relies on specifically designed ASOs that bind to 
the pre-mRNA in the cell nucleus. When bound, these ASOs 
inhibit the recognition of the mutated exon by the splicing machin- 
ery through steric hindrance [3]. As a result, the mutated exon is 
spliced out (skipped) of the mRNA together with its surrounding 
introns. If the skipped exon is in frame, the reading frame of the 
transcript is maintained and produces a slightly shorter but func- 
tional protein [4]. 

Exon skipping affects the pre-mRNA; therefore, it is essential 
for the ASO to pass the cell membrane and the nuclear envelope. 
The commonly used 2'-O-methyl phosphorothioate (2OMePS) 
and 2/-methoxyethyl phosphorothioate (2MOE) ASOs are nega- 
tively charged and therefore not able to easily pass the cell mem- 
brane in cell cultures. Therefore, active transfer across the cell 
membrane is essential. Cationic lipid transfection is such a way of 
active transfer and widely used to achieve efficient uptake by in vitro 
cultured cells. Widely studied cells of the skin are dermal fibroblasts 
and epidermal keratinocytes. Here, we describe the in vitro evalua- 
tion of distribution and activity of ASOs in cultured fibroblasts and 
keratinocytes, as C7 is expressed by both the cell types. However, 
cationic lipid transfection of fibroblasts and keratinocytes can be 
used to evaluate the activity of antisense RNA for many diseases, as 
they express many proteins. 


1. Trypsin/EDTA (2.5% trypsin/0.2% EDTA). 

2. Dispase II (2.4 U/mL). 

3. Penicillin/Streptomycin (100 U/mL and 100 ug/mL, 
respectively). 

4. Saline solution: 0.9% NaCl in dH2O sterilized through 0.22-p 
m filter. 

5. Antisense oligonucleotides: 50 uM stock solution in dH,0 
(final concentration depends on experimental setup). 

6. Fibroblast medium: DMEM 4.5 g/L glucose, r-glutamate, 
10% fetal bovine serum (FBS), 1x penicillin/streptomycin. 

7. Phosphate-buffered saline (PBS). 

8. Fibroblast transfection agent: Polyethylenimine (PEI) 1 mg/ 
mL. 

9. Keratinocyte medium: CellnTec Prime (CnT-PR). 


10. HEPES-buffered saline solution (HBSS). 


3 Methods 


3.1 Isolation and 
Culture of Epidermal 
Keratinocytes and 
Dermal Fibroblasts 
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11. 
12. 


Keratinocyte transfection medium: Opti-MEM. 


Keratinocyte transfection agent: Lipofectamine-2000. 


Full-thickness skin biopsies (4-6 mm) or larger skin tissue (1-2 cm) 
are used to isolate cells. 


1. On day 1, incubate the tissue at room temperature overnight in 


10. 


2x penicillin/streptomycin solution protected from light. 


. On day 2, using tweezers and a scalpel, scrape off excess fatty 


tissue from the dermal side of the tissue. 


. Place the tissue in a 100-mm petri dish, floating with the 


dermal side down in 10 mL Dispase II and incubated overnight 
at 4 °C. 


. On day 3, separate the epidermis from the dermis as a sheet 


using tweezers. After separation, place the dermis into a glass 
petri dish and set aside. Transfer the epidermal sheets into a 
clean 100-mm petri dish containing 10 mL trypsin/EDTA and 
incubate for 10 min at 37 °C. 


. During the 10 min incubation time, cut the dermis into small 


pieces of around 1-2 mm in size, using two scalpels in a 
“scissor” fashion on the glass surface of the petri dishes. Trans- 
fer the tissue fragments onto the bottom of the well of a 
six-well plate and add complete fibroblast medium dropwise 
onto the tissue and refresh every other day. Within 2 weeks, 
fibroblasts should be growing out from the tissue. When pro- 
liferation of these fibroblasts starts to stagnate due to con- 
fluency, remove the tissue remnants, and harvest and passage 
the cells. 


. After 10 min trypsinization of the epidermal sheets, pipette the 


trypsin/EDTA solution up and down repeatedly to dissociate 
the sheets into individual cells. 


. Transfer the cell suspension into a 15-mL tube containing 


500 pL FBS to inactivate trypsinization. 


. Spin the cells down by centrifugation for 10 min at 200 x g. 
. Discard the supernatant and resuspend the pellet in Cnt-PR 


medium. 


Seed the cells into the culture vessel. Usually, keratinocytes 
isolated from one 6 mm biopsy are seeded in two 35-mm 
petri dishes. Refresh the medium three times a week and har- 
vest and passage the cells once they reach 75-9096 confluence. 
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3.2 Transfection of 
Primary Fibroblasts 
and Keratinocytes 


3.21 Fibroblasts 


3.2.2 Keratinocytes 


In this protocol, we describe the transfection of cells with an ASO 
in a well of a 12-well plate at a concentration of 250 nM, as an 
example. This is the final concentration of ASOs in the wells after 
the transfection. All concentrations can be adjusted according to 
the needs of the individual experiments. 


Fibroblasts are cultured and transfected in normal fibroblast 
medium (see Subheading 2.1, step 6) 


l. 


10. 


ll. 


Seed the fibroblasts in 12-well plates at a density at which the 
cells reach 70-80% confluence within 24—48 h (see Note 1), 
depending on proliferation rate. 


. When the cells reach 70-80% confluence, wash the cells three 


times with PBS and carefully remove the PBS with a pipet or 
vacuum aspiration system. 


. Add 900 uL fresh medium and place the plate back in the 


incubator (see Note 2). 


. To prepare the lipid-ASO complexes, for each transfected well, 


pipette 91.5 pL sterile saline solution in a sterile 
Eppendorf cup. 


. Add 5 uL of ASO, and 3.5 pL PEI and immediately vortex for 


10 s (see Note 3). 


. Incubate the saline-ASO-PEI solution at room temperature for 


10 min. 


. After incubation, add the transfection mix dropwise to the well. 


. Shake the plate in a north to south and east to west motion and 


place in the incubator (see Note 4). 


. After 5-6 h, gently remove the transfection medium, wash 


twice with PBS, and add 1 mL fresh medium and place back 
into the incubator (see Note 5). 


After 48-72 h, analyze the cells for exon skipping at RNA or 
protein level. 
As a positive control, a fluorescently labeled nonspecific AON 


is used. In case exon skipping exerts its effect in the nuclei, 
localization in nuclei corresponds to transfection efficiency 


(Fig. 1). 


Keratinocytes are cultured in Cn T-PR serum-free low-calcium ker- 
atinocyte medium and transfected in Opti- MEM medium. 


l. 


2. 


Seed keratinocytes in 12-well plates at a density at which the 
cells reach 70-80% confluence within 24—48 h. 


When the cells reach 70-80% confluence, wash the cells three 
times with HBSS and add 900 uL Opti-MEM to the well and 
place back in the incubator. 
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Fibroblasts Keratinocytes 


Fig. 1 Microscopy image of cells transfected with fluorescently labeled AON. Left: Fibroblasts transfected with 
a fluorescently labeled (green) AON using polyethylenimine. Right: Keratinocytes transfected with the same 
fluorescently labeled AON. A transfection efficiency of more than 95% is observed in both fibroblasts and 
keratinocytes, as shown by the green signal in the nuclei 


3. Inan 1.5-mL tube, add 45 pL Opti-MEM, then add 5 uL ASO 
and gently mix by pipetting in and out. 

4. In a second 1.5-mL tube, add 48 pL Opti-MEM and 2 pL 
Lipofectamine-2000 and gently mix by pipetting in and out 
and incubate at room temperature for 5 min. 

5. Add the Lipofectamin-2000 solution to the ASO solution and 
gently mix by pipetting up and down. 


6. Incubate at room temperature for 30 min. 


7. Add the lipid-ASO complexes dropwise to the wells and place 
back in the incubator. 


8. After 6 h of incubation, remove the medium and gently wash 
the cells twice with HBSS. Add fresh keratinocyte medium and 
place the plate in the incubator. 


9. After 24—72 h cells can be analyzed for exon skipping and 
protein expression. 


4 Notes 


1. For both fibroblasts and keratinocytes: usually between 0.5 and 
1.5 x 10° of primary cultured cells is sufficient depending on 
passage and viability. 


2. Do not pipet the PBS, HBSS, or medium directly onto the 
cells. Instead, gently pipet the liquid against the side wall ofthe 
well to prevent unnecessary stress to the cells. 
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3. 


4. 


It is essential to pipet in the order saline, ASO, PEI. Do not 
vortex longer than 10 s. 


During incubation, prevent the solution from agitating. When 
pipetting the solution from the Eppendorf tube onto the wells, 
do not pipet repeatedly up and down, as this might disrupt the 
lipid-ASO complexes. Additionally, when placing the plate 
back into the incubator, prevent swirling motions, as this will 
concentrate the AON-transfection reagent complexes in the 
middle of the wells. 


. Transfection using cationic lipids induces, to some extent, cell 


death and will have an effect on the cell membrane as the lipids 
bind and pass them. Therefore, when washing cells and refresh- 
ing media, gently and smoothly pipet via the side of the well. 
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Abstract 


Antisense oligonucleotides (AONs) are small synthetic molecules of therapeutic interest for a variety of 
human disease. Their ability to bind mRNA and affect its splicing gives AONs potential use for exon 
skipping therapies aimed at restoring the dystrophin transcript reading frame for Duchenne muscular 
dystrophy (DMD) patients. The neutrally charged phosphorodiamidate morpholino oligomers (PMOs) 
are a stable and relatively nontoxic AON modification. To assess exon skipping efficiency in vitro, it is 
important to deliver them to target cells. Here, we describe a method for the delivery of PMOs to myoblasts 
by electroporation. The described protocol for the Amaxa 4D X unit nucleofector system allows efficient 
processing of 16 samples in one nucleocuvette strip, aiding in high-throughput PMO efficacy screens. 


Key words AON, PMO, Electroporation, Nucleofection, Myocytes, Duchenne muscular dystrophy, 
DMD 


1 Introduction 


Antisense oligonucleotides (AONs) are versatile, powerful tools for 
the potential treatment of a variety of diseases. AONSs are short 
synthetic oligonucleotides consisting of modified DNA or RNA 
nucleic acid analogs. AONs can be exploited in multiple ways, 
including the modulation of splicing. Here, AONs bind to the 
unspliced mRNA and mask splice sites or exonic splice enhancer 
or silencer sites, resulting in an exon being ex- or included in the 
mature mRNA. Examples of such AONS are eteplirsen, golodirsen, 
viltolarsen, and casimersen to treat Duchenne muscular dystrophy 
(DMD) patients with eligible mutations, and nusinersen to treat 
spinal muscular atrophy (SMA). For DMD, antisense-mediated 
exon skipping is used to restore the reading frame of the dystrophin 
(DMD) transcript, allowing the production of an internally deleted 
partially functional dystrophin protein [1]. This approach is muta- 
tion specific. Currently, for Duchenne, four AONs have been 
approved by the Food and Drug Administration (FDA, USA), 
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which induce skipping of exon 51 (eteplirsen), exon 53 (golodirsen 
and viltolarsen) or exon 45 (casimersen). 

Various different AON chemistries have been developed, such 
as 2/- O-methyl phosphorothioate (2'O-MePS), 2'- O- methoxyethyl 
phosphorothioate (2"-MOE-PS), and phosphorodiamidate mor- 
pholino oligomer (PMO) [2]. These different chemistries have 
unique chemical properties and were developed to enhance stabil- 
ity, solubility, and cellular uptake of AONs [2]. AONs are some- 
times covalently conjugated to other molecules, in an attempt to 
improve their uptake by target tissues after systemic delivery 
[3]. For treatment of SMA, intrathecal injection of the AON into 
the cerebrospinal fluid (CSF) leads to efficient uptake by neurons 
and other cells in the nervous system with a long half-life [4]. How- 
ever, in DMD all ofthe 7700 different skeletal muscles are affected, 
and as such systemic delivery of AONSs is required, which currently 
involves weekly intravenous infusions [5 ]. 

DMD consists of 79 exons, and there is a wide variety of unique 
patient mutations [6, 7], with a mutation hotspot spanning exon 
45 through 53 [6, 8]. Approximately 5596 of total DMD mutations 
causative for Duchenne would be eligible for some form of exon 
skipping therapy [7]. While skipping certain exons is applicable to 
larger groups of patients, it is crucial to skip also additional exons, 
which individually apply to small groups of patients, to increase the 
general applicability of this approach to as many patients as possible. 
To optimally design AONs for most of the DMD exons, it is 
important to have the ability for high-throughput screening of 
AON exon skipping efficacy. To perform reliable initial testing of 
AONS in vitro, it is essential to establish a reproducible, efficient 
means of delivery to a target cell. This can be achieved using 
electroporation of immortalized muscle cells [9]. Using immorta- 
lized cells has the advantage of theoretically unlimited proliferation, 
so large amounts of cells with homogenous characteristics can be 
generated. Primary cell sources are finite, and each new donor will 
have to be validated for reproducibility, which hampers screening 
potential when a large number of different AONSs are to be tested 
simultaneously. Furthermore, it is our experience that the capacity 
of primary cultures to differentiate into myotubes declines with 
advanced passages. 

Unlike 2'O-MePS AONs and dsDNA (e.g., plasmids), PMO 
AONS are neutrally charged, impeding the delivery by cationic lipid 
transfection systems. An alternative method for delivery of PMOs 
to mammalian cells is electroporation [9 ]. Electroporation relies on 
the formation of pores in the cell membrane by the application ofan 
electric pulse through the transfection medium, mediating delivery 
of the particle of interest. The pore-forming pulse either serves to 
simultaneously deliver a charged molecule or is followed by a 
dedicated secondary delivery pulse. While electroporation eff- 
ciency is aided by active mobilization of charged molecules of 


2 Materials 


21 Cell Culture 
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interest into the cells by the electric current applied, the pore 
formation itself is already able to allow passive entry of inert mole- 
cules such as PMOs, albeit potentially at a lower efficiency. In fact, 
efficiency of in vitro PMO electroporation is relatively high when 
compared to other methods such as gymnosis and calcium- 
enriched medium (CEM) [10]. 

Classic electroporation is performed with cells in suspension, 
requiring dissociation of adherent cells from the culture vessel prior 
to the procedure. For studying DMD exon skipping, a cell line 
which expresses full-length DMD (Dp427m) is required. Alterna- 
tively, if available, a patient-derived cell line with a specific mutation 
can be used where skipping of a specific exon restores dystrophin 
production. However, as DMD expression in proliferating myo- 
blasts is very low, myoblasts need to differentiate after electropora- 
tion with the Amaxa 4D X unit to form mature myotubes, 
expressing higher levels of DMD. Novel electroporation techniques 
also allow for electroporation of adherent cell layers, which can be 
advantageous when working with cells that grow slowly or have 
limited proliferation capacity upon differentiation, such as mature 
myotubes or neuronal cells. These methods, just like other electro- 
poration techniques, require thorough characterization and opti- 
mization of conditions for maximum efficiency and are not 
included in this chapter. 

In this chapter, we provide a protocol for the delivery of PMOs 
to immortalised myoblasts by electroporation with the Lonza 
Amaxa 4D-nucleofector X unit, and their subsequent differentia- 
tion to DMD expressing myotubes. The procedure for further 
sample processing and analysis of the skipped transcript by end- 
point reverse transcription polymerase chain reaction (RT-PCR) 
and quantitative PCR (RT-qPCR) are also outlined. 


1. Immortalized myoblasts: 0.5 x 10° up to 1 x 10° cells per 
reaction (for transfer to a 6-well plate) (see Note 1). 


2. Culture medium (proliferation): For myoblasts either: F10 
Nutrient mix (nutmix) medium supplemented with 20% fetal 
bovine serum (FBS), 1% PenStrep, 10 ng/mL rhFGF and 
l mM dexamethasone, or Skeletal Muscle Cell Growth 
Medium (SMCGM) supplemented with 15% FBS and 50 ug/ 
mL gentamicin (see Note 2). 

3. Culture medium (resuspension): F10 Nutmix + 20% FBS + 1% 
PenStrep. 

4. Culture medium (differentiation; DMEM (4.5 g/L glu- 


cose) + 2% FBS or 2% knockout serum replacement 
(KOSR) + 50 pg/mL Gentamicin or 1% PenStrep (see Note 2). 
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22 Electroporation 


2.3 RNA Isolation 


24 cDNA Synthesis 


25 RT-PCR Analysis 
of Skipping Efficiency 


26 RT-qPCR of 
Skipping Efficiency 


5. 


Trypsin-EDTA (0.05%). 


6. Dulbecco’s phosphate-buffered saline (dPBS (-MgCh, 


CON WD OP Qo 


-CaCly)). 


. Culture vessels (e.g., T182 flask and 6-well plates). 


. Lonza 4D nucleofector core unit. 


. Lonza 4D nucleofector X-unit for cells in suspension (see Note 


3). 


. Suitable 4D-nucleofector X kit (e.g., primary cell optimization 


kit) containing 16-well nucleofector strips and nucleofection 
buffer. 


. PMOs at 1 mM concentration in saline, 0.2-pm filter sterilized 


(see Notes 4 and 5). 


. TRI-reagent (e.g., TRIsure). 

. Chloroform. 

. 2-Propanol. 

. 70% Ethanol (EtOH). 

. RNase-free water (DEPC treated). 


. Random hexamer primers (N6) (20 ng/pL). 
. dNTP mix (10 mM each). 

. 5x reverse transcriptase (RT) reaction buffer. 
. Reverse transcriptase enzyme. 

. RNase inhibitor. 

. RNase-free water (DEPC treated). 


. cDNA generated from >1 pg total RNA by random hexamer 


primers (Subheading 3.3, step 5). 


. Forward and reverse primer set (preferably intron spanning) 


(10 uM stock). 


. dNTP mix (10 mM each). 

. 10x Reaction buffer. 

. Taq polymerase. 

. Molecular biology grade agarose. 

. TRIS-Borate-EDTA (TBE) buffer (1x). 
. Ethidium bromide (EtBr). 

. 100 bp DNA marker. 


. cDNA generated from >1 pg total RNA by random hexamer 


primers (Subheading 3.3, step 5). 


3 Methods 


3.1 Nucleofection 
and Maintenance 
of Cells 
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2. Forward and reverse primer set for the gene of interest (one of 
the primers should span the exon boundary of the skipped 
product (e.g., the primer should consist of the last 10 nucleo- 
tides of exon 1, and the first 10 nucleotides of exon 3 of the 
gene of interest when skipping exon 2)) (10 uM stock). 


3. Forward and reverse primer set for a suitable reference gene 
(e.g., GUSB or GAPDH) (10 uM stock). 


4. 2x SYBR-green PCR mastermix. 


RNA isolated from the nucleofected myotube cultures is used to 
generate cDNA, which can subsequently be used for RT-PCR or 
RT-qPCR analysis of exon skipping efficiency. To purify a sufficient 
amount of total RNA from myotube cultures, we usually transfer 
cells to six-well plates after nucleofection. Smaller culture vessel 
might be suitable, or more optimal, for other purposes. We use 
up to 1 x 10° myoblast cells per 20 pL nucleofection reaction, 
requiring 1.6 x 10" cells in total for a full 16-well cuvette strip. A 
T182 culture vessel of high confluence contains about 2 x 107 
myoblast cells. A graphical overview of the procedure is outlined in 
Fig. 1. All steps described in Subheading 3.1, steps 1-17 should be 
performed under aseptic conditions. Subheading 3.1, steps 18 
through Subheading 3.2, step 11 should be performed using 
suitable personal protection according to local regulations. 


This example assumes an experiment involving 1 full 16-well 
nucleocuvette strip, using 1 x 10° cells per reaction. Scale volumes 
up or down according to experimental design. Prior to starting the 
procedure, make sure that the nucleofector buffer has been supple- 
mented as indicated. Prior to handling the cells, make sure that the 
desired programs to be used have been entered into the 
4D-nucleofector core unit to avoid delays in the procedure when 
handling resuspended cells (see Note 6). 


l. Preferentially subculture myoblasts 1 day prior to nucleofec- 
tion to ensure proper viability and growth phase of cells. Cells 
from confluent cultures might exhibit a decreased efficiency or 
survival. 


2. Label wells and add media to the culture vessels used to transfer 
cells post-nucleofection, e.g., 3 mL proliferation media per well 
ofa 6-well plate. Place plates in a 37 ^C CO; incubator to warm 
and equilibrate the media. 


3. On the day ofthe nucleofection experiment, wash the cells with 
dPBS and trypsinize the cells. Use 2 mL trypsin 0.05% for a 
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1*106 cells/reaction and count 5m 500RCF nucleofection buffer 
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Transfer cells to Perform electroporation Transfer electroporated Analyse samples after 
16-well cuvette and in 4D X-Unit and cells to prefilled >24 hours proliferation 
add PMO incubate 10 min. culture vessel 


Fig. 1 Schematic workflow of nucleofecting PMO in myoblast cells 


T182 and carefully tilt flask to cover all cells. Place cells with 
trypsin in a 37 °C incubator. 


4. When cells are properly detached from the surface (cell line 
dependent, but generally after 2 min), add resuspension media 
to a total volume of 10 mL to inhibit trypsin activity. 


5. Resuspend cells and transfer to a 50-mL tube (see Note 7). If 
multiple flasks are needed to obtain the required number of 
cells need for the experiment performed, pool cells at this step. 


6. Count the number of cells in the 50-mL tube (at least twice) 
using available cell counting methods. Transfer a total of 
1.7 x 107 cells (16 1 x 10° reactions + 1 surplus) to a fresh 
conical tube, and pellet cells by centrifugation for 5 min at 
200 relative centrifugal force (RCF). 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 
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. Aspirate medium completely and gently resuspend cell pellet in 


20 pL nucleofection buffer per reaction (i.e., here we use 
340 uL for 16 reactions + 1 surplus) (see Note 8). 


. Aliquot 20 uL cell suspension in each of the chambers in the 


16-well nucleofector strip using a P20 micropipette. Avoid 
creating air bubbles (see Note 9). When placing the cuvette 
strip with the yellow notch away from the user, the top left well 
is well Al (see Note 10). 


. Add 1 pL of PMO diluted to the desired concentration. For 


example, 1 uL PMO from a 1 mM stock will result in a final 
concentration in the cuvette of 50 uM. Gently mix by stirring 
with the pipet tip, do not vigorously pipet up and down (see 
Notes 11 and 12). 


Replace the lid on the cuvette strip (see Note 13) and place it in 
the 4D-Nucleofector X unit tray (yellow notch away from user, 
toward the machine). 


Start nucleofection by selecting start on the 4D-nucleofector 
core unit touch screen. 


After the machine has finished electroporating, check the status 
on the display. Green crosses mean the samples have been 
electroporated without issues. When other symbols are 
shown, an error might have occurred. Refer to the 
4D-nucleofector user manual. 


Leave the nucleocuvette strip on the bench for 10 min for the 
cells to recover (see Note 14). 


Gently add 180 pL prewarmed media to each of the wells of the 
cuvette strip. 


Carefully resuspend (maximum 2-3 times up and down) the 
cells in the cuvette, and transfer to the culture vessel prepared 
in Subheading 3.1, step 2 (see Note 15). 


Allow cells to proliferate for 24 up to 72 h and monitor viability 
of electroporated cells (see Note 16). Let cells proliferate until 
reaching 100% confluency. 


Upon reaching confluency, replace myoblast proliferation 
media with differentiation media to induce myotube 
formation. 


After 72 h, wash cells with dPBS and lyse in 500 pL 
TRI-reagent (for a 6 well plate). 


Collect samples using a cell scraper and transfer to 1.5-mL 
microcentrifuge tubes on ice. 


Store samples (—80 °C) or immediately isolate total RNA from 
cells according to available protocols (e.g., 3.2). 


198 Remko Goossens and Annemieke Aartsma-Rus 


3.2 RNA Isolation 


3.3 cDNA Synthesis 


3.4 RT-PCR Analysis 


oiu WwW N 


. Thaw the lysate obtained at Subheading 3.2, step 17 and add 


1/5th volume (100 pL) of chloroform (see Notes 17 and 18). 


. Mix thoroughly by shaking for 30 s. 
. Incubate on ice for 5 min. 
. Centrifuge samples for 15 min at 16,000 RCF at 4 °C. 


. Carefully transfer the upper aqueous phase to a new microcen- 


trifuge tube, without disturbing the organic- and interphase. 


. Add an equal volume of 2-propanol to transferred aqueous 


phase. 


. Mix well and incubate for >30 min on ice, then centrifuge for 


15 min at 16,000 RCF at 4 °C. 


. Discard supernatant and wash pellet with 1 mL 70% EtOH. 


9. Centrifuge for 5 min at 16,000 RCF at 4 °C. 


l. 


. Discard supernatant and air-dry pellet. 

. Dissolve the pellet in RNase-free water (e.g., 25 uL). 

. Determine RNA concentration using a Nanodrop ND-1000. 
. Store RNA at —80 °C (see Note 19). 


To generate first-strand cDNA using random hexamer using at 
least 1 pg of total RNA in a 20 pL reaction. In a 12.5 pL 
reaction mix the following components (see Note 20): 


(a) XpL RNA for a total of 1 pg. 

(b) 1 pL dNTP mix (10 mM each). 

(c) 1 pL Random hexamer primers (N6) (20 ng/pL). 
(d) X pL RNase-free water up to 12.5 pL. 


2. Incubate reaction for 5 min at 65 °C. Chill on ice for 2 min. 


. To each tube add: 


(a) 4 pL 5x RI-reaction buffer. 
(b) 1 pL Reverse transcriptase enzyme. 
(c) 0.5 pL RNase inhibitor. 


4. Incubate at 42 °C for 1 h. 


. Incubate at 85 °C for 5 min. 


6. Dilute the 20 pL cDNA reaction to a final volume of 100 pL 


l. 


with ultrapure MQ. 


. Store cDNA at —20 °C. 


Set up RT-PCR (25 pL reactions) according to the follow 
set-up per reaction (see Note 21): 


(a) 2.5 pL 10x Reaction buffer. 
(b) 1 pL Forward primer (10 uM). 
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Fig. 2 Example of the result of RT-PCR analysis after successful nucleofection of a DMD exon 51 targeting 
PMO in KM155 myotubes using various programs of the 4D-nucleofector. (a) Agarose gel electrophoresis of 
endpoint RT-PCR products using primers specific for DMD exon 47 through 52. Skipping of exon 51 will lead to 
the production of a smaller PCR product as indicated. Different lanes consist of different experimental 
combination of nucleofection buffers and programs. (b) Approximate quantification of agarose gel shown in 
A by Flul analysis. Ratios of Exon 51 skipped product intensities over the regular (exon 51 containing) product 
are plotted. The average of the negative controls (no PMO/no pulse samples (orange bars)) is shown as a 
dotted line. (c) RT-qPCR analysis of DMD exon 51 skipping in KM155 myotubes with 6 nucleofection programs 
and 5 nucleofection buffers. Exon skipping was determined with a primer set only amplifying the DMD 
transcript without exon 51 (Exon 50-52F + Exon 52R). A primer set specific for DMD exon 49 through 
50 shows all DMD transcript, and MYH3 is used as a marker for myogenic differentiation. Cells resuspended in 
nucleofection buffer not subjected to an electric pulse were used as a negative control. In our hands, exon 
skipping efficiency was highest using a combination of program CM-137 and buffer P1 
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3.5 RT-qPCR 
Analysis 


(c) 1 pL Reverse primer (10 uM). 

(d) 1 pL dNTP mix (10 mM each). 

(e) 0.2 pL Taq polymerase (5 U/pL). 

(f) 10 uL cDNA from Subheading 3.3, step 5. 
(g) 9.3 pL ultrapure water (up to 25 pL). 


. Gently mix and place samples in a thermal cycler using the 


following program: 


a) 1:5 min, 95 °C—initial melt. 


b) 2:30 5,95 °C—melt. 

(c) 3:30 s, 60 °C—annealing (change for specific primers). 
(d) 4:40 s, 72 °C—extension (~30 s per kb). 

(e) 5: Go to step 2, 34 additional times (35 cycles total). 


(f) 6: 5 min, 72 °C—final extension. 


3. Analyze PCR samples by standard ethidium bromide (EtBr) 


agarose gel electrophoresis, using a 2% agarose gel (for pro- 
ducts «1000 bp) in TBE buffer at 125 V (Fig. 2) (see Note 
22). Alternatively, accurate analysis of signal intensity can be 
measured by use of, e.g., an Agilent 2100 Bioanalyzer (see Note 
23). 


. For RT-qPCR analysis, measure the gene of interest and at least 


one reference gene. Always measure a technical triplicate of 
each cDNA-primer combination. Set up RT-qPCR according 
to the following set-up per reaction (we use 8 uL reactions in a 
384-well plate): 


(a) 4 pL 2x SYB green master mix. 

(b) 1 pL Forward primer (10 uM). 

(c) I pL Reverse primer (10 uM). 

(d) 2 uL cDNA from Subheading 3.3, step 5. 


. Seal the plate and mix by inversion and briefly spinning down 


the plate in a centrifuge. 


. Place samples in a real-time PCR enabled thermal cycler and 


run the following program: 
(a) 1:5 min, 95 °C—initial melt. 
(b) 2: 10 s, 95 °C—melt. 


(c) 3: 30 s, 60 °C—Annealing and extension (change temper- 
ature for specific primers). 


(d) 4: Read plate, go to step 2, 39 additional times (40 cycles 
total). 


(e) 5: Melt curve analysis. 


4 Notes 
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4. A suitable primer pair for the skipped product will yield little to 


no signal in the un-nucleofected control samples and will have 
increased abundance when the exon was successfully skipped. 


. The procedure described herein has been optimized and vali- 


dated using immortal muscle cell line KM155, which has been 
described previously [11, 12]. Use of this protocol for primary 
muscle cells or other immortalized cell lines might require 
additional optimization. 


. Different media are described in the literature for proliferation 


and/or differentiation of myoblasts. These different media can 
have considerable effects on gene expression and morphology. 
For example, differentiation of myoblasts with 2% FCS leads to 
slower formation of multinucleated myotubes compared to 2% 
KOSR. However, myotubes formed with 2% KOSR are harder 
to handle due to faster release from the vessel surface, presum- 
able due to spontaneous contraction of the myotubes. We 
recommend that different media are tested to compare optimal 
experimental conditions. 


. For electroporation of adherent cells, a few of the options 


available are the Lonza 4D nucleofector Y-unit or the Nepa- 
gene NEPA21 electroporator. 


. Delivery of PMOs by nucleofection can be prohibitively expen- 


sive for many laboratories, as prices for consumables are steep 
compared to common laboratory transfection reagents, some 
of which can be cheaply prepared in-house. On the other hand, 
if the material to be transfected is expensive or rare, nucleofec- 
tion allows for relatively high concentrations to be applied 
directly to the cells due to the low reaction volume (as low as 
20 pL), saving costs on oligonucleotides. 


. While small molecules such as siRNAs and AONS are easily 


delivered into myoblasts by electroporation (e.g., siRNA, 
PMOs) or transfection (e.g., siRNA, 20MePS AONS), deliv- 
ery of (large) plasmids is notoriously inefficient. 


. For our immortalized myoblast cell line (KM155), we have 


tested various different nucleofector pulse programs in combi- 
nation with the nucleofection buffers present in the primary 
cell line optimization kit (i.e., P1, P2, P3, P4, and P5). We 
noticed that the trend of DMD exon skipping efficiency was 
similar for each buffer and depended largely on the nucleofec- 
tion program used for the 4D X unit (Fig. 2c, bars). Buffers did 
however largely contribute to overall efficiency of a set of 
nucleofections (Fig. 2c, individual data points per bar). 
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7. 


9. 


10. 


11. 


12. 


When trypsinizing cells from the culture vessel, dissociate cells 
by controlled but forceful pipetting with a 10-mL pipet and a 
pipetboy to generate a single-cell suspension. Cell clumps will 
severely hamper nucleofection. 


. Cells should not be kept in nucleofection buffer for a pro- 


longed amount of time, as this can reduce efficiency and viabil- 
ity. After diluting the cell pellet in nucleofection buffer, 
working swiftly and accurately is key. 


At any step ofthe procedure, but especially upon loading of the 
nucleocuvette, avoid air bubbles in the reagents containing 
cells. Cavitation shearing and electric arcing can occur when 
air bubbles are present. Loading the cuvette with a P20 and 
reverse pipetting (i.e., not pressing the piston to the second 
stop) are useful for avoiding air bubbles in the cuvette strip. 


We have tested the re-use of single cuvette strips for the deliv- 
ery ofthe same PMO without any noticeable effect on delivery 
efficiency or cell viability. If the proprietary nucleofector solu- 
tions have not finished upon finishing the cuvette strips ofa kit, 
this method can prolong the use of a single ordered kit. To 
clean a cuvette strip: after transferring cells from a nucleofec- 
tion experiment from the 16-well strip to a culture vessel, 
immediately submerge the strip (without lid) in a-100 mL 
glass bottle filled with sterile milli-Q (MQ). Shake vigorously 
for 30 s. Decant MQ and add 7096 EtOH for disinfection and 
shake vigorously. Do not leave the cuvette strip in ethanol for 
extended periods of time to prevent damage to the electrode. 
Decant EtOH and rinse twice with sterile MQ, airdry strip and 
store for future use. We have not tested degradation of effi- 
ciency after more than two re-uses. Different nucleofection 
programs with higher voltages might affect electrode degrada- 
tion and result in poor efficiency upon re-use. Re-usability 
should always be tested in the experimental setup used to 
avoid problems in reproducibility. 


As an alternative to loading the PMO directly in the cell sus- 
pension, it is possible to mix PMO, cells and nucleofection 
buffer prior to dispensing in the 16-wells nucleocuvette. For 
example, in bulk when multiple pulse programs are tested, or in 
sterile strips/plates for testing large amounts of different 
PMOs. For the latter, it is possible to transfer cells to the 
nucleocuvette by use of a multichannel pipette. 


It is possible to add the PMO to the nucleocuvette wells prior 
to adding the cells, in which addition of the cells and handling 
of the strip will sufficiently mix the substrate with the cell 
suspension. However, as PMO solutions tend to be slightly 
viscous, it can be hard to reliably dispense a small volume (e.g., 
lor 2 pL) in a dry well, compared to dispensing in solution. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 
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The cell suspension (20 pL) in the nucleocuvette strip should 
cover the entire bottom of the well in the nucleocuvette. After 
loading the cell suspension and prior to placing the cuvette in 
the X-unit, tap it several times on the working surface with 
appropriate force. 


Excessive cell death may warrant changes in recovery steps. For 
example, after electroporation, add 180 pL warm culture 
media to each well of the cuvette strip, and incubate the strip 
10 min at 37 °C. Afterwards, transfer cells carefully as described 
above. 


Cells are fragile immediately after electroporation. Avoid shear 
stress by over-resuspension with small diameter tip orifices. 
Use a P200 or P1000 micropipette, resuspend two or three 
times in the cuvette, and immediately transfer to the pre- 
warmed culture plate. Avoid creation of air bubbles by aggres- 
sive pipetting. 

Certain cell types might show increased viability after nucleo- 
fection when treated with ROCK inhibitors to block apoptosis 
4 h prior and 24 h post nucleofection. 


RNA is extremely sensitive to degradation by environmental 
RNases, such as present on human skin. When handling/pre- 
paring RNA samples, always wear suitable gloves, and clean 
work surfaces with RNase removal agents (e.g., RNaseZAP). 


To compare samples properly, it is important to process sample 
sets in the same way. This includes but is not limited to simul- 
taneous isolation of RNA, simultaneous generation of cDNA, 
identical input of RNA for cDNA reactions, etc. 


For assessing the efficiency of DMD exon skipping with 
RT-PCR, we generally do not incorporate a DNase I treatment 
step in the RNA isolation protocol. 


Generation of cDNA can be performed in PCR strips with 
caps, allowing for easy incubations in a thermal cycler and 
transfer of sample to another PCR strip with a multichannel 
pipette. 


For analysis of exon skipping efficiency by RI-PCR, we 
strongly recommend the use of single-reaction RI-PCR 
instead of nested PCR amplifications. Nested PCR amplifica- 
tions have a high tendency to induce preferential amplification 
bias and are less quantitatively reliable [13]. Different poly- 
merases and protocols might be better suited for specific tran- 
scripts and should be tested. 


When using software such as ImageJ /FIJI to analyze agarose 
gel band intensities, it is of the utmost importance that the user 
keeps the limitations of the software in mind. Saturated signal 
on the source image will lead to misleading results if analyzed 


204 


Remko Goossens and Annemieke Aartsma-Rus 


incorrectly. Therefore, while useful for estimating relative 
intensity, many applications will require more sensitive meth- 
ods to reliably quantify exon skipping efficiency. Furthermore, 
detection of DNA in agarose gels is facilitated by the amount of 
EtBr intercalating with the DNA, resulting in signal when 
exposed to UV light. As shorter PCR products bind less 
EtBr, their intensity is inherently underestimated when 
measured in analysis software. 


23. 


Prior to analyzing PCR products on an Agilent 2100 bioana- 


lyzer, it is advised to always run some of the sample on an EtBr 
agarose gel to confirm successful PCR amplification. 
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Rapid Determination of MBNL1 Protein Levels by 
Quantitative Dot Blot for the Evaluation of Antisense 
Oligonucleotides in Myotonic Dystrophy Myoblasts 


Nerea Moreno, Irene Gonzalez-Martinez, Ruben Artero, 
and Estefania Cerro-Herreros 


Abstract 


Western blot assays are not adequate for high-throughput screening of protein expression because it is an 
expensive and time-consuming technique. Here we demonstrate that quantitative dot blots in plate format 
are a better option to determine the absolute contents of a given protein in less than 48 h. The method was 
optimized for the detection of the Muscleblind-like 1 protein in patient-derived myoblasts treated with a 
collection of more than 100 experimental oligonucleotides. 


Key words Myotonic dystrophy, Oligonucleotides, Quantitative dot blot, Muscleblind-like protein 1, 
DM1 myoblasts 


1 Introduction 


Myotonic dystrophy type 1 (DM1) is a degenerative genetic disease 
that is classified as rare because it affects less than 1 in 2000 people 
(1/3000 to 1/8000; [1]). DM1 originates from an expansion of 
the CTG trinucleotide repeat in the 3'-untranslated region (UTR) 
of the DMPK gene that, upon transcription, forms CUG hairpins 
that behave as toxic RNAs. CUG expansion RNA aberrantly binds 
and  sequesters essential developmental proteins of the 
Muscleblind-like (MBNL) family, which are key regulators of alter- 
native splicing. The depletion in MBNL protein function causes 
alterations in RNA metabolism that originate defined symptoms of 
the disease [2]. Studies in animal models have shown that the 
increase of MBNL in a genetic background of DM improves the 
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pathological phenotypes and that the overexpression of MBNLI in 
control mice is well tolerated [3]. 

Patients suffer from myotonia and muscle atrophy and weak- 
ness, which, in advanced stages of the disease, lead to respiratory 
distress and early death. Currently, there is no effective treatment 
for DMI, and management of symptoms is the only option to 
preserve the quality of life of people living with DM1. In its most 
common form, the onset of symptoms occurs during adolescence, 
and affected people have a significantly shortened lifespan of 
48—55 years. Because of its prevalence and the severity of the clinical 
manifestations, finding a cure for DM1 is a social and medical need 
[4, 5]. 

The development of effective high-throughput tools in drug 
discovery research has increased the demand for complementary 
high capacity immunoblot methods in which to assess the conse- 
quences of drug candidates at protein level. One example is the 
need to quickly evaluate the levels of MBNL1 protein in patient- 
derived myoblasts [6] treated with hundreds of oligonucleotide 
variants to block repressive miRNAs miR-23b and miR-218, as a 
means to boost endogenous levels and compensate sequestration 
by CUG expansions in mutant DMPK [7]. To this end, we have 
generated a diversity (7100) of highly modified antisense oligonu- 
cleotides (AONs) to block miR-23b and miR-218. Examples of 
these modifications are the substitution of natural ribose rings by 
locked nucleic acid (LNAs), C2' hydroxyl substitutions with a 
methoxy (2'/OMe) or methoxyethyl (2’-MOE), or the use of phos- 
phorothioates to link two nucleotides, instead of natural phospho- 
diester bonds, to improve stability in vivo as they make these ASOs 
resistant to intracellular and extracellular nucleases. AON can also 
be made electrostatically neutral by using phosphorodiamidate 
morpholino oligomers (PMO) and can be conjugated to a choles- 
terol moiety to improve the diffusion through cell membranes and 
cell uptake [8, 9 ]. 

For this purpose, we propose the use of quantitative dot blot 
(QDB) analysis as an alternative to Western blot. For the develop- 
ment ofthe QDB assay, we have modified two previously published 
protocols [10, 11]. Dot blot was developed to simplify the process 
of Western blot analysis (Fig. 1) when the antibody is very specific 
for the detection of the protein of interest, and there is no need to 
determine its molecular weight, for example, when screening the 
effects of several molecules on the expression of a single protein. 
Specifically, QDB transforms traditional immunoblots into quanti- 
tative assays and allows expression analysis of a certain protein in 
your samples in 96-well format, being more efficient and faster than 
a Western blot. 
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Fig. 1 Illustration of the entire QDB process for evaluation of antisense oligonucleotides in DM1 myoblast 
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2 Materials 


2.1 Cell Culture and 
Transfection 


22 QDB Assay 


CoN O oe 


13. 


. Standard tissue culture facilities. 

. Six-well plates. 

. PBS 1x. 

. Opti-MEM Reduced Serum medium. 

. Transfection Reagent (see Note 1). 

. Complete medium (for 500 mL): 445 mL DMEM Dulbecco's 


Modified Eagle Medium 4500 mg/glucose, 50 mL FBS, and 
5 mL penicillin-streptomycin. 


. Differentiation. medium (for 100 mL): 1 mL penicillin- 


streptomycin, 2 mL Horse Serum, 1 mL apotransferrin, 
100 pL insulin, 20 pL doxiciclin and 95.88 mL DMEM 
4500 mg/glucose. 


. Protein quantification kit (see Note 2). 
. QDB plates (Quanticision Diagnostics, Inc.). 


. Primary and secondary antibodies: 


(a) Anti-MBNLI (Abcam, ab77017). 


(b) Anti-GAPDH (Santa Cruz Biotechnology, G-9: 
sc-365062). 


(c) Anti-mouse POD. 


. Pierce™ ECL Western blotting substrate. 

. White 96-well plate, flat bottom. 

. TECAN infinite M200 Pro. 

. Orbital shaker. 

. Transfer buffer: 14.4 g glycine, 3 g Tris base, 700 mL ddH20O, 


200 mL methanol and fill to 1 L with ddH5O. Store at 4 °C. 


. 10x TBS: 24.2 g Tris base, 80 g NaCl, bring to 0.8 L with 


ddH5O, adjust the pH to 7.6 with HCI and fill to 1 L with 
ddH5O. Store at 4 °C. 


. 1x TBST: 100 mL 10x TBS, 5 mL Tween 20 and fill to 1 L 


with ddH5O. Store at 4 °C. 


. Blocking buffer: 5 g milk powder and bring to 100 mL with 


TBST 1x. Store at 4 °C. 


. 4x Loading buffer: 0.8 mL 3 M Tris-HCl pH 6.8, 4 mL 


glycerol, 0.8 g SDS, 0.04 g bromophenol blue, 4 mL 
B-mercaptoethanol and fill to 10 mL with ddH5O. Store at 
—20 °C. 

RIPA solution: 10 mL RIPA and 1 tablet of protease inhibitor 
cocktail. Storage in 4 °C. 
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3 Methods 


3.1 Cell Transfection 


3.2 Sample 
Collection and 
Quantification 


33 Sample 
Preparation 


l. 


Seed cells in 6-well plates at a density of 200,000 cells per well 
in complete medium and are incubated for 24 h at 37 °C 5% 
CO2. 


. Prepare the mixes for transfection. Volumes in this example are 


calculated for 3 wells of a 6-well plate and in 5 different con- 
centrations in the range between 10 and 5000 nM, diluted in 
Opti-MEM in a sterile tube in a final volume of 600 uL. For 
example, to transfect AO at 200 uM mix 594 uL of Opti-MEM 
and add 6 pL of AO at 100 uM. To test other concentrations, 
adapt the volumes accordingly. Pipet gently to mix. 


. Add 3 pL of X-tremeGENE HP DNA transfection reagent to 


the diluted mix. Incubate for 30 min at RT while preparing the 
following step. 


4. Remove medium from wells and wash twice with PBS 1x. 


. Add 200 uL of transfection mix to each well in a dropwise 


manner. Swirl the wells to ensure the distribution over the 
entire plate. 


. Leave the cells in the incubator for 4 h. 


. Add 2.3 mL of differentiation medium per well. 


. After 72 h of incubation of the DM1 myoblasts with the test 


oligonucleotides, wash each well with PBS before protein 
collection. 


2. Collect cells in RIPA solution (120 pL/well). 


. Lyse cells with an ultrasonic homogenizer such as the 


UP100H. Sonication is at an ultrasonic cycle mode of 30 s 
and an amplitude of 60%. The sample must be kept in ice 
during the entire procedure. 


. Centrifuge the lysate at 16,000 x g for approximately 15 min 


after ultrasonic homogenization/extraction. 


. After centrifuging, collect the supernatant and determine the 


protein concentration by a protein assay such as Pierce protein 
assay BCA. 


. Calculate enough protein extract for ten replicate wells at 1 ug/ 


well to account for pipetting errors, as they will be later loaded 
in quadruplicates in two different plates: one for detection of 
MBNL1] and the other for GAPDH, as an endogenous control 
(see Note 3). 


. Add the protein extract at the indicated concentration, add 


10.4 uL of loading buffer 4x and complete to a final volume 
of 50 uL of ddH5O (see Note 4). 
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3.4 Sample l. 


Application and 
Transference 


3.5 Primary Antibody l. 


Incubation 

3.6 Secondary l. 
Antibody Incubation 

3.7 Quantification l. 


. Boil the freshly prepared sample for 5 min in a water bath and 


after denaturation of the protein leave it on ice. 


Place the plates upside down to load the samples. Pipette 5 uL 
of the previously prepared protein sample on each membrane 
circle (Fig. 2). 


. Dry loaded QDB plates for 30 min at room temperature in a 


well-ventilated space. 


. After drying, dip the QDB plate in transfer buffer for 1 min. 


During this minute, shake it with an orbital movement until the 
blue color in the wells is eliminated. 


. Rinse QDB plates gently with TBST in constant shaking for 


1 min three times. 


. Block QDB plates with blocking buffer for 1 h with constant 


shaking. 


Dilute primary antibodies in blocking buffer at the appropriate 
concentrations (anti-MBNL1: 1/1000 and anti-GAPDH: 
1/500) and aliquot into the wells of two 96-well plates, one 
for each antibody, at 100 pL/well (see Note 5). 


. Insert each QDB plate into the 96-well plates and incubate 


overnight at 4 °C in constant shaking. 


. Rinse the plates briefly with TBST and then wash with TBST in 


constant shaking for 5 min, three times. 


Dilute the appropriate secondary antibody (anti-mouse POD) 
in blocking buffer at the final concentration of 1/2000 and 
aliquot it in the 96-well plates at 100 pL/well. QDB plates are 
inserted into the 96-well plates and incubated in constant 
shaking for 2 h. 


. Rinse QDB plates gently three times with TBST and then wash 


with TBST in constant shaking for 5 min, three times. 


Before the last washes, prepare the ECL substrate by following 
the manufacturer's instructions. 


. Aliquot 50 pL of ECL substrate into each well of a 96-well 


plate, and insert the QDB plate inside the 96-well plates for 
1 min. 


. After a minute, remove the QDB plate from the 96-well plate 


and shake it briefly to remove the remaining reagent and intro- 
duce it into a clean white 96-well plate. 


. For data acquisition, use a TECAN infinite M200 Pro using an 


initial acquisition time of 1 s/well in the luminescence and 
select “plate with cover.” 
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Fig. 2 A photograph of a QDB plate upside down. The figure shows the different components of the plate and 
how to load the sample 


3.8 Data Analysis l. 


4 Notes 


First, look at the negative control values, which have to be 
below the rest ofthe samples. Pay also attention to the integrity 
of the plate since any alteration of the membrane in one of the 
wells may lead to artifactually low chemiluminescence values. 


. Next, subtract the average value of the negative controls from 


all the samples, thus removing the contribution of the back- 
ground to the quantification. 


. Obtain the average of the quadruplicates for both the MBNL1 


and the GAPDH plates. Divide the average of the replicates of 
the MBNLI samples by those of GAPDH. 


. GAPDH normalized values can be further normalized to values 


in mock-transfected DM1 cells to obtain fold changes. 


. As a positive control, confirm in each plate that the difference 


between the average values of MBNLI in control and 
untreated DMI cells is around 1.6 times. 


. Could be done with any transfection reagent, but we have 


tested only X-tremeGENE HP DNA Transfection Reagent. 


. Could be done with any protein quantification kit, but we have 


tested only PierceTM BCA Protein Assay kit. 
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3. Always include positive and negative controls in each of the 
plates. Our positive controls were healthy cell samples while the 
negative contained RIPA buffer only. Negative control wells 
provide the background luminescence reading, which must be 
significantly lower than our experimental data. 


4. Itis very important to prepare the protein and load the samples 
in the gas hood since f-mercaptoethanol is toxic by inhalation. 


5. To ensure a valid result, the specificity of the antibody used 
needs to be verified through Western blot analysis. 
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Evaluation of Exon Skipping and Dystrophin Restoration 
in In Vitro Models of Duchenne Muscular Dystrophy 


Andrea Lopez-Martinez, Patricia Soblechero-Martín, 
and Virginia Arechavala-Gomeza © 


Abstract 


Several exon skipping antisense oligonucleotides (eteplirsen, golodirsen, viltolarsen, and casimersen) have 
been approved for the treatment of Duchenne muscular dystrophy, but many more are in development 
targeting an array of different DMD exons. Preclinical screening of the new oligonucleotide sequences is 
routinely performed using patient-derived cell cultures, and evaluation of their efficacy may be performed at 
RNA and/or protein level. While several methods to assess exon skipping and dystrophin expression in cell 
culture have been developed, the choice of methodology often depends on the availability of specific 
research equipment. 

In this chapter, we describe and indicate the relevant bibliography of all the methods that may be used in 
this evaluation and describe in detail the protocols routinely followed at our institution, one to evaluate the 
efficacy of skipping at RNA level (nested PCR) and the other the restoration of protein expression 
(myoblot), which provide good results using equipment largely available to most research laboratories. 


Key words Dystrophin, Antisense oligonucleotide, Duchenne muscular dystrophy, Eteplirsen, Myo- 
blot, Exon skipping 


1 Introduction 


Duchenne muscular dystrophy (DMD) is an X-linked inherited 
neuromuscular disorder caused by mutations in the dystrophin 
gene (DMD) and characterized by rapid progression of muscle 
weakness and loss of ambulation in early adolescence. Most DMD 
mutations are deletions that disrupt the open reading frame (ORE), 
preventing the synthesis of dystrophin protein. On the other hand, 
Becker's muscular dystrophy (BMD) is a milder neuromuscular 
disorder caused by in-frame mutations in the same gene. In this 
case, mutations do not disrupt the ORF and a shorter but semi- 
functional form of dystrophin is produced resulting in a milder 
form of disease [1, 2]. 
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1.1 Evaluating Exon 
Skipping at RNA Level 


The reading-frame rule, exemplified in Becker patients, is the 
basis of the concept of exon skipping by antisense oligonucleotides 
(AONSs) as a possible therapy for DMD. In this case, AONSs are 
designed to attach to specific RNA sequences and disrupt the 
binding of the spliceosome, which in turn causes the skipping of a 
particular exon and the restoration of the expression of a truncated, 
but semi-functional, dystrophin [3]. This therapeutic approach 
could benefit around 83% of DMD patients, but due to the vast 
array of different DMD deletions and mutations causing DMD, to 
treat each subset of DMD patients, different exons would need to 
be targeted by specific AONs [4, 5]. Eteplirsen, golodirsen, vilto- 
larsen, and casimersen are AONS that facilitate the skipping of 
DMD exons 51, 53, 53, and 45 respectively, and have been 
approved by the FDA (2016, 2019, 2020, and 2021) [6- 
10]. These drugs would only be applicable to 13% (eteplirsen) 
and 8% of DMD patients (golodirsen, viltolarsen, and casimersen). 
New AONSs, skipping other exons, are being designed for the 
remaining deletions that may benefit from this approach [11-14 ]. 

The preclinical development of new exon-skipping AONSs relies 
on the use of cell cultures from patients harboring specific dele- 
tions. It is common practice to design a panel of candidate AONs 
and evaluate their efficacy in culture before advancing to preclinical 
testing, and many methods are followed to evaluate them, at both 
RNA and protein levels, as represented in Fig. 1. 


When evaluating exon skipping at RNA level, several methods, 
both quantitative and semi-quantitative, are routinely used. A 
recent publication compared five different quantification techni- 
ques: quantitative real-time PCR (qPCR) [18], digital droplet 
PCR (ddPCR) [23], single PCR assessed with an Agilent bioana- 
lyzer, and nested PCR with agarose gel image analysis [15—- 
17]. They concluded that ddPCR was the most precise and less 
dispersed quantitative method for exon-skipping detection, while 
the other techniques may overestimate exon skipping and present 
high data variation. 

The ddPCR protocol is based on the mix of the DNA sample 
with an oil-water media to divide the template in several thousand 
droplets. Each droplet contains none or one single template strand 
that would provide individual amplification reactions and absolute 
quantification. It is a highly reproducible and efficient technique as 
it does not depend on the PCR efficiency and may be adapted to 
quantify exon skipping using specific probes. Nevertheless, the 
technique requires highly specific equipment not available in most 
laboratories [23]. 

Quantitative real-time PCR for DMD transcripts uses custom 
probes to specifically detect skipped transcripts that are lately ampli- 
fied for transcript quantification. Data are normalized with endog- 
enous transcript controls but the requirement ofa pre-amplification 
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Fig. 1 Methods that may be used to evaluate exon skipping in cell culture. Currently, the most accurate 


methods are digital droplet 


PCR (ddPCR) and capillary western immunoassay (Wes), but the equipment 


required to perform these experiments is not present in the majority of research laboratories. Advantages 
(green) and disadvantages (red) of each method are presented in this figure. Main bibliographical references 
for these methods are: RT-PCR followed by gel densitometry analysis [15, 16], single-round PCR followed by 
bioanalyzer [16, 17], qPCR [18], ddPCR (13), capillary western immunoassay (Wes) [19], Western blotting [20], 
myoblots [21]. Several attempts to compare these methods have been published by a consortium to evaluate 
dystrophin protein quantification methods [20] and another to compare methods to quantify exon skipping 
[17]. A recent meeting to find consensus among stakeholders on all dystrophin protein quantification methods 
described was also recently published [22]. Created with Biorender.com 


1.2 Evaluating 
Dystrophin Restoration 
in Cell Culture 


step and specific probes for each of the deletions tested may 
decrease linearity and increase costs [18 ]. 

Most methods are semi-quantitative at best and provide an 
indication of efficacy that should be evaluated further by assessing 
the downstream consequences of exon skipping (dystrophin resto- 
ration). Our approach combines the study of exon skipping at RNA 
level by a rather simple nested PCR plus gel densitometry analysis 
method, with a quantitative evaluation of dystrophin protein by 
myoblots. 


Dystrophin protein quantification can be challenging due to its 
large size (3685 amino acids) and expression pattern, and it has 
been an extremely hot topic when evaluating the results of dystro- 
phin restoration clinical trials [24]. A recent meeting of stake- 
holders interested in dystrophin quantification methodology 
highlighted the problems derived from the variability of dystrophin 
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Fig. 2 Workflow of an exon skipping evaluation experiment. RNA evaluation: a 6-well plate is seeded and 
transfected with two different AON concentrations. Cells are collected after 48 h for RNA extraction, reverse 
transcription (RT), and nested PCR analysis by densitometry. Dystrophin protein quantification: a 96-well plate 
is seeded, transfected, and allowed to differentiate for a week. Plates are fixed before being analyzed by 
myoblot. Created with Biorender.com 


levels between different muscles and individuals as well as the lack 
of standardized controls [22]. When analyzing preclinical in vitro 
experiments, other points need to be considered: patient-derived 
cell cultures are difficult to expand and differentiate, and dystrophin 
expression is only detectable when cells are differentiated into 
myotubes. Western blotting analysis from cultured cells requires 
very large amounts of protein lysate that does not produce good 
quantitative results while using a lot of sample. 

A novel advance in protein quantification is the capillary West- 
ern immunoassay (Wes), based on the use of capillary as separation 
modules for protein isolation followed by dystrophin detection by 
an immunoassay that allows accurate quantification. The Wes sys- 
tem is said to detect low protein concentrations, in a range of 
0.125-1.25 ug [19, 22]. However, this equipment is not yet com- 
monly found in most laboratories. 

We detail in this chapter the quantitative method developed at 
our department: myoblots, a method based on the in-cell western 
blotting optimized for the quantification of muscle proteins in cell 
culture [21 ]. Myoblots are performed in 96-well plates seeded with 
patient-derived cells, which are allowed to differentiate. Signal is 
normalized by cell number, and the differentiation status of the 
cultures is assessed as a quality control of the experiment. 
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2 Materials 


2.1 Cell Culture and 
Transfection 


22 RT and Nested 
PCR Analysis 


A summary of our strategy to evaluate exon skipping drugs in 


cell culture is shown in Fig. 2. In the example used in this chapter, 
we evaluated two concentrations of an AON skipping exon 51 on 
immortalized cell cultures [25] from a patient harboring a muta- 
tion that causes the deletion of exon 52 from the CNMD Biobank 
(London, UK). 


l. 


. Low background fluorescence and low evaporation 96-well 


Standard tissue culture facilities. 


plates with clear, flat bottom. 


. The AON used in the example was synthesized by Eurogentec, 


Belgium with the following sequence: 5'-[T*C*A*-A*G*G*- 
A*A*G*-A*T*G*-G*C*A*-T*T*T*-C*T]-3' where * is a 
2' MOE phosphorothioate linkage. AON stock at 100 uM in 
distilled H5O is stored at —80 °C. 


. SMMC: Skeletal Muscle Cell Growth Medium Complete. 


SMMC is supplemented with 5% Supplement Mix, 10% fetal 
bovine serum, 1% GlutaMax (dipeptide L-alanine-1-gluta- 
mine), 2% PenStrep, and 0.06% Gentamicine. 


. DMEM: Dulbecco's Modified Eagle Medium. 


6. Opti-MEM Reduced Serum Media. 


l. 


Jv FW N 


o0 10 


. Differentiation medium: DMEM supplemented with 2% horse 


serum. 


. 0.05% Trypsin-EDTA. 


. Lipofectamine™ 2000 Transfection Reagent. 


Access to thermocycler, electrophoresis equipment, and gel 
documentation system. 


. Nanodrop or other equipment to measure RNA concentration. 
. RNeasy Mini Kit. 

. SuperScript™ IV First-Strand Synthesis System (see Note 1). 

. PCR Master Mix including: 33.5 pl RNase free-water, 5 ul 10x 


PCR Buffer, 3 pl 50 mM MgCl, 1 pl 10 mM dNTPs, 0.5 pl 
Taq DNA Polymerase recombinant (5 U/pL), plus two sets of 
specific primers (10 pM) described in Table 1 (see Note 2). 


. Agarose. 

. 1x TAE buffer. 

. SYBR safe DNA gel stain. 
. 5x PCR Loading Buffer. 
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Table 1 
Primer sequences 


Primers Sequence Length 
RT 55R Exon 55 reverse AACTGCCAATGTCCTACAGGAT 22 bases 
First PCR. 48F Exon 48 forward AAAAGACCTIGGGCAGCTTG 20 bases 
54R Exon 54 reverse TGACTTGGCCCTGAAACTTC 20 bases 
Second PCR 49F Exon 49 forward CCAGCCACTCAGCCAGTG 18 bases 
53R Exon 53 reverse CCTTCAGAACCGGAGGCAA 19 bases 


Specific primer 55R was used in the RT reaction. Two different sets of primers targeting regions between exons 48F-54R 
(first PCR) and 49F-53R (second PCR) were used for the nested-PCR method 


10. HyperLadder 100 bp. 


. Gel extraction kit to isolate PCR fragments for sequencing. 


mL 
m 


. Access to an Odyssey CLx Scan (LI-COR Biosciences). 
. Orbital shaker. 

Ice-cold methanol. 

. 1x PBS. 

. Permeabilization Buffer (PB): 1x PBS, Triton 0.1%. 

. Intercept& Blocking Buffer (LI-COR Biosciences). 

. Washing Buffer (WB): 1x PBS, Tween 0.196. 


. Primary antibodies: 


A23 Myoblots 


oN AM b Qo t — 


(a  MF20 antibody (Developmental Studies Hybridoma 
Bank (DSHB)). 


(b) Mandysl, kindly provided by Prof. G Morris, The MDA 
Monoclonal Antibody Resource. 


(c) Mandysl06, kindly provided by Prof. G Morris, The 
MDA Monoclonal Antibody Resource. 


(d) Dysl (Leica Biosystems). 
9. Secondary antibodies: 
(a) Goat Anti-Mouse IgG H&L (Biotin, Abcam). 
(b) IRDye 800CW Streptavidin (LI-COR Biosciences). 


(c) IRDye 800CW Goat anti-Mouse IgG (LI-COR 
Biosciences). 


(d) CellTag™ 700 Stain from (LI-COR Biosciences). 
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3 Methods 


3.1 Cell Culture and 
Transfection 


l. 


Cells are seeded in 6-well plates: 350,000 cells per well or 
96-well plates: 7500 cells per well in SMMC:DMEM (1:1) 
(see Note 3). 


. The following day, when 80% confluence is reached, growth 


medium is replaced by differentiation medium (DM). 


.On day 3, AON transfection is performed as follows 


[18]. Some examples of the distribution of the experimental 
conditions in the 96-well plate are described in Fig. 3 (see Note 
4). 


4. Remove DM from wells. 


. Wash with PBS. 


6. Add 50 ul of Opti-MEM per well in the 96-well plate and 1 ml 


10. 


11. 


12. 


13. 


14. 


per well in the 6-well plate. 


. Incubate at 37 °C and 5% CO; while preparing the following 


steps. 


. Dilute the AON to 100 pM in distilled H5O. 


. Prepare mixes for transfection. Volumes in this example are 


calculated for a single well of a 6-well plate and two different 
antisense conditions, 100 nM and 300 nM, adjust the volumes 
for the number of replicates. In 96-well plates, adjust volumes 
for a final volume of 50 pl per well. 


The transfection is performed with Lipofectamine 2000® 
Reagent using 2 pl per 1 ml of final transfection volume. In 
this particular example, volumes are calculated as: prepare one 
tube with 250 pl of Opti-MEM and 1 pl of AON at 100 uM 
(for AON 100 nM condition), another with 250 pl of Opti- 
MEM and 3 pl of AON at 100 M (for AON 300 nM condi- 
tion), a third tube with 250 pl of Opti-MEM alone (no AON 
control), and a fourth tube with 750 pl Opti-MEM and 6 ul of 
lipofectamine. 

Add 250 pl of the lipofectamine mix to each AON tube and 
incubate all three tubes (100 nM, 300 nM, and lipofectamine 
only) for 30 min at RT to allow for complex formation. 

Add 500 yl of Opti-MEM to each tube for a final transfection 
volume of 1 ml per well of the 6-well plate. 

Add 1 ml of transfection mix to each well of the 6-well plate 
and 50 ul of mix to each well of the 96-well plate. Incubate for 
5 hat 37 °C and 5% CO3. 

Five hours after AON transfection, medium is changed to 


differentiation medium, and plates are placed again in the 
incubator. 
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Fig. 3 Examples of plate distribution for exon skipping evaluation at protein level. (a) The four experimental 
conditions are distributed as follows in the 96-well plate: 2 columns for control (Lipofectamine only), 2 columns 
for DM (differentiation medium only), 4 columns for 100 nM AON, and 4 columns for 300 nM AON, both 
transfected with Lipofectamine. (b) The four experimental conditions are distributed as follows in the 96-well 
plate: 1 row for control (Lipofectamine only), 1 row for DM (differentiation medium only), 3 rows for 100 nM 
AON, and 3 rows for 300 nM AON, both transfected with Lipofectamine. (c) Reduction of the edge effect by 
filling edge wells with 100 ul of preferred buffer, but not cells. Then, the four experimental conditions are 
distributed as follows in the 96-well plate: 1 row for control (Lipofectamine only), 1 row for DM (differentiation 
medium only), 2 rows for 100 nM AON, and 2 rows for 300 nM AON, both transfected with Lipofectamine. Each 
experimental condition will be probed with different antibodies in the 800-nm channel (green): the majority of 
wells will be probed with a dystrophin antibody mix, some with an MF20 antibody (experimental quality control 
to assess differentiation), and the remaining wells will have no primary antibody to eliminate background. In 
the 700-nm channel (red), every well will be probed with a cell number stain (CellTag™ 700 Stain) to allow for 
cell number normalization. Created with Biorender.com 


15. After 48 h, cell pellets are collected from 6-well plates for RNA 
extraction using RNeasy Mini Kit to be used in the nested PCR 
(see Subheading 3.2). 

16. Incubate the 96-well plates for 7 days and fix with ice-cold 
methanol. Myoblots can be performed immediately, or plates 
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3.2 Nested PCR and 
Gel Image Analysis 
Method 


3.2.1 Reverse 
Transcription 


3.22 Nested PCR 


$43 Band Semi- 
Quantification 


l. 


may be stored in PBS at 4 °C until analysis (see 
Subheading 3.3). 


After RNA extraction, RNA concentrations are measured with 
Nanodrop and 1 pg of template RNA is used for reverse 
transcription (RT). 


. RT is performed following the SuperScript™ IV First-Strand 


Synthesis System manufacturer’s instructions with a specific 
primer (see Note 5), as described in Table 1. 


. For the first PCR, prepare the PCR mastermix and add 2 pl of 


each primer of the first set of primers at 10 pM. In the example 
they target exon 48 and 54 (see Fig. 4a for primer location 
strategy). 


2. Add 3 pl of cDNA (direct RT product) to the PCR mastermix. 


. Run the first PCR as follows: 94 °C for 5 min, 30 cycles of 


94 °C for 40 s, 60 °C for 40 s, and 72 °C for 1 min and 20 s, 
and finally, 72 °C for 7 min. 


. Three microliters of the first PCR product are used as template 


in the second PCR, which has the same PCR mastermix plus 
2 pl of each of the second pair of primers at 10 pM (49F and 
53R in the example) (see Note 6). 


. The second PCR (or nested) should be run as follows: 94 °C 


for 5 min, 35 cycles of 94 °C for 40 s, 60 °C for 40 s, and 72 °C 
for 1 min and 20 s, and finally, 72 °C for 7 min. 


. Run a 2% agarose gel with the whole PCR product (50 pl) for 


l hat 100 mV. 


. Place gel on the transilluminator of the gel documentation 


system and acquire the image. A representative image is 
shown in Fig. 4b. This figure shows the skipped and 
non-skipped product highlighting the bands selected for 
quantification. 


. Cut the relevant PCR bands for DNA extraction and verifica- 


tion by Sanger sequencing. 


For the image analysis, if the available gel documentation system 
has quantification software you may use this, if not you may quan- 
tify the intensity of the bands with image J (https://imagej.nih. 
gov/1j/download.html): 


l. 


Select the lanes that include the relevant bands using the region 
of interest (ROI) selection tool. 


2. Use the gel analysis tool to create Analyze» Gels» Plot lanes. 


. Draw lines to separate the peaks corresponding to the required 


bands and use the wand tool to select them. 
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Fig. 4 Nested PCR results. (a) Skipped and non-skipped product schematic representations. Primers 48F and 
54R were used in the first PCR and primers 49F and 53R in the second. Skipped product size is reduced due to 
the lack of exon 51 and 52 while the non-skipped product is just lacking exon 52. Created with Biorender.com. 
(b) Agarose gel image from AON transfection. Fifty microliter of PCR product were examined in a 2% agarose 
gel stained with SYBRSafe. Image was captured in a Gel Doc™ EZ Imager (BIORAD). Red boxes indicate the 
quantified bands. The described relative percentage of exon skipping for 100 nM AON was 95.41% and for 
300 nM AON was 53.62% 


4. Analyze by clicking Analyze» Gels» LabelPeak to obtain each 
peak's area. 


5. Normalize peak areas by amplicon sizes and calculate exon 
skipping percentages according to the formula [17 ]: 
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Exon skipping% = 


(normalized peak area skipped fragment) 


3.3 Myoblot Method 


3.3.1 Myoblot Procedure 


(normalized peak area skipped fragment) 4- (normalized area non — skipped fragment 


x 100 
) 


In our example, we are interested in dystrophin restoration, and the 
plate will be probed with the different antibodies as described in 
Fig. 3a. 


l. 


v eA 9 N 


14. 


If plates were stored at 4 °C, remove PBS. If not, remove 
methanol and wash with PBS. 


. Add 100 pl of Permeabilization Buffer (PB) per well. 

. Place the plates in an orbital shaker at RT for 5 min. 

. Remove PB and repeat four times the previous process. 

. Remove PB and add 50 pl of Intercept? (PBS) blocking buffer 


per well. 


. Incubate for 2 h in the orbital shaker at RT. 
. Remove blocking buffer. 


. Add 50 pl of the corresponding primary antibodies diluted in 


the blocking buffer. In the example (Fig. 3a), plate distribution 

was the following: 

(a) Sixty wells for dystrophin detection. Add a dystrophin- 
Ab mix: Mandysl, MandyslO6, and Dysl at 1/100 
dilution. 

(b) Twenty-four wells for the differentiation marker. Add 
ME20 antibody at 1/50 dilution. 


(c) Twelve wells as negative controls without any primary 
antibody. Add 50 ul of blocking buffer. 


. Incubate overnight at 4 °C in the orbital shaker. 


. Remove antibodies and add 100 pl per well of Washing 


Buffer (WB). 


. Wash for 5 min in the orbital shaker at RT. 
. Remove WB and repeat the wash four times. 


. For dystrophin detection, an amplification of the signal is 


needed. Biotin antibody (1/2000 dilution in blocking buffer) 
is used for signal amplification in those wells where dystrophin 
mix is added and also to 6 wells of the negative controls: after 
l h incubation at RT with this antibody, WB washes are 
repeated four times more as indicated in steps 10-12. 


Add 50 yl of the corresponding secondary antibody diluted in 
the blocking buffer. 


(a) Add CellTag™ 700 Stain to all secondary antibody mixes 
at 1/1000 dilution. 
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3.3.2  Myoblot Analysis 


15. 
16. 


17. 
18. 
19. 


l. 


(b) For dystrophin mix amplified with biotin: add IRDye 
800CW Streptavidin at 1/2000 dilution. Also added to 
6 wells of the negative controls where biotin was added 
before (background control for the  streptavidin 
secondary). 

(c) For MF20: add IRDye 800CW Goat anti-Mouse IgG at 
1/500 dilution. Also added to 6 wells of the negative 
controls (background control for the goat antibody). 

Incubate for 1 h at RT in the orbital shaker. 


Remove the secondary antibodies and add 100 pl of WB 
per well. 

Wash for 5 min at the orbital shaker at RT. 

Remove the WB and repeat the wash process four times. 


Add 100 pl of PBS per well and prepare the Odyssey CLx Scan 
(see Note 7). 


In the Image StudioTM Software from your computer, select 
“In Cell Western analysis" and start the acquisition. 


. Once acquired, align channels using the Image Studio™ 


Software. 


. Select all the wells in the “ICW wells” tab, and in the lower 


menu, go to “Grid Sheet” Tab and click in Copy (see Note 8). 


. Paste intensity measurements in an Excel sheet. Figure 5a 


shows an example of the raw data directly copied, without any 
modification, to an Excel sheet. 


. Revise the plate image and the raw intensity measurements to 


discard any outliers such as scraping the cells with the pipette 
tip or antibody specks, as in the case of the highlighted value 
represented in Fig. 5b, in which the antibody specks increase 
the 800-nm signal of the well. These wells are not included in 
the calculations, and they are highlighted for auditing 
purposes. 


. As shown in Fig. 5a, select in the 800-nm channel the rows 


without primary antibody to calculate the average background 
intensity. 


. Subtract from each sample's intensity measurement acquired at 


the 800-nm channel the corresponding average background 
intensity value. 


. Normalize the previous values, dividing them by the 


corresponding intensity value measured in the 700-nm channel 
(Cell TagTM 700 Stain), as shown in Fig. 5a (see Note 9). 


. Calculate average and SEM for each condition tested (i.e., 


non-treated, 100 nM AON and 300 nM AON). 
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Fig. 5 In cell Western analysis. (a) Readings performed by the Odyssey Scan at 700 nm (Red, CellTag™ 
700 Stain) and 800 nm (Green, Dystrophin, MF20 and background) provide a single intensity value for each 


well at each channel. To normalize each value, the corresponding background aver 


age value (no primary 


antibody) is subtracted from each value and later divided by its corresponding one for the CellTag?M 700 Stain 


signal (700 nm value). Created with Biorender.com. (b) Example of omitted wells by an 
with arrows) and its corresponding eliminated value. (c) Bar graph of data: average 4 


tibody specks (marked 
t SEM of the two AON 


concentrations against control (lipofectamine only) and analysis by two-way ANOVA with multiple comparisons 


("p < 0.0001) 


10. Evaluate MF20 values (as a measurement of culture differenti- 
ation) to critically assess the experiment: poor differentiation of 
the cultures may render unacceptable results (see Note 10). 


11. Plot mean + SEM in a bar graph as represe 


3.4 Concluding The two methods described are complementary 


nted in Fig. 5c. 


in their assessment 


Remarks of the exon skipping capacity of an AON: semi-quantification of the 
skipped product at RNA level plus dystrophin quantification at 
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4 Notes 


protein level. As seen in the example we used, they show concor- 
dant results supports AON suitability for dystrophin restoration in 
preclinical studies. 


. Different RNA extraction and RT-PCR kits or techniques may 


be used according to the usual protocols of the laboratory. 


. The AON used in this example skips exon 51, and the cell 


culture is missing exon 52. We are using primers in the vicinity; 
these will need to be adapted to the specific regions studied. 
Many different primer combinations may be used, but they 
should always produce a larger product in the first round and 
a smaller one in the second one. In our example, the first PCR 
primers (Table 1) target exons 48 (forward) and 54 (reverse), 
and the product of this reaction will be the template of the 
second PCR, using primers 49 (forward) and 53 (reverse). The 
final PCR product that will be visualized by gel electrophoresis 
will include exons 49, 50, 51, and 53 if not skipped, and the 
skipped product contains exons 49, 50, and 53 (Fig. 4a). 


. Cell number in 96-well plates for myoblot analysis should be 


adjusted as required depending on the proliferation rate and 
differentiation facility of the cell culture used. To improve cell 
attachment, it is advisable to incubate the plates for an hour 
at RT. 


. An edge effect might be observed when analyzing some plates. 


In that case, the plate layout in Fig. 3c is recommended in order 
to avoid non-reliable well signals. Blank wells should be filled 
with 100 pl of the preferred buffer to prevent evaporation. 


. Random or hexamer primers may be used for the RT reaction, 


but in our hands specific primers work best for DMD 
amplification. 


. In case some regions are difficult to amplify, one of the primers 


(forward or reverse) can be used again in the second PCR (e.g., 
first PCR primers 48F+54R and second PCR primers 48F 
+ 53R). 


. Plates can be read with or without liquid (e.g., PBS or WB) 


indistinctly, although it is important to evaluate the Odyssey 
CLx Scan focus at least once with the desired condition in the 
plates selected for ICW. 


. This process needs to be done individually for each channel 


(700 nm and 800 nm measurements), as each time one set of 
values (700 nm or 800 nm) is added to the clipboard. Pay 
special attention to which channel is active at the time of 
copying the data. 
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RNA-Based Therapies In Vitro 
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Abstract 


Alternative pre-mRNA splicing can be cell-type specific and results in the generation of different protein 
isoforms from a single gene. Deregulation of canonical pre-mRNA splicing by disease-associated variants 
can result in genetic disorders. Antisense oligonucleotides (AONs) offer an attractive solution to modulate 
endogenous gene expression through alteration of pre-mRNA splicing events. Relevant in vitro models are 
crucial for appropriate evaluation of splicing modifying drugs. In this chapter, we describe how to investi- 
gate the splicing modulating activity of AONS in an in vitro skeletal muscle model, applied to Pompe 
disease. We also provide a detailed description of methods to visualize and analyze gene expression in 
differentiated skeletal muscle cells for the analysis of muscle differentiation and splicing outcome. The 
methodology described here is relevant to develop treatment options using AONs for other genetic muscle 
diseases as well, including Duchenne muscular dystrophy, myotonic dystrophy, and facioscapulohumeral 
muscular dystrophy. 


Key words Splicing, Human iPSC, Skeletal muscle, Antisense oligonucleotides, In vitro models 


1 Introduction 


Pre-mRNA splicing is a highly conserved process in eukaryotes that 
plays a role in pre-mRNA processing. Alternative splicing can diver- 
sify gene function to produce isoforms with specific functions in 
distinct cell types [1, 2]. Genetic variations can lead to defects in 
pre-mRNA splicing that cause human disease [3]. Modulation of 
pre-mRNA splicing can be directed to correct aberrant splicing, to 
skip protein coding variants, to restore the reading frame, or to 
prevent expression of toxic gene products. This is possible by 
targeting antisense oligonucleotides (AONs) toward canonical 
splice sites or to cis-acting regulatory elements such as cryptic splice 
sites or splicing silencers/enhancers [4]. Alternative splicing in 
skeletal muscle is abundant and essential for muscle development 
and function [5]. Deregulation of pre-mRNA splicing in skeletal 
muscle is known to be the underlying cause of multiple human 
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2 Materials 


21 Skeletal Muscle 
Progenitor Cell Culture 


22 Cell 
Culture Media 


myopathies [5]. Suitable in vitro and in vivo models are crucial to 
investigate novel splicing modulating drugs in target cells and 
tissues. 

In vitro human skeletal muscle models can be obtained directly 
from muscle biopsies, or these can be generated by (trans-)differ- 
entiation of primary fibroblasts, pluripotent stem cells, or 
non-muscle cells with myogenic capacity like pericytes and mesoan- 
gioblasts [6-8]. Several protocols have been described to generate 
muscle progenitor cells (MPCs) derived from human patient- 
derived induced pluripotent stem cells (hiPSCs) using directed 
differentiation methods for disease modeling [9-11]. 

Here we describe how purified, expandable hiPSC-derived 
MPCs, generated using a transgene-free procedure [11] can be 
differentiated into multinucleated myotubes to test the modulating 
activity of AONs. These methods can be used to analyze splicing 
correction in vitro to develop RNA-based therapies for muscle 
disorders. We have used this strategy to test AONs for Pompe 
disease [12] and describe the methodology here in detail. 


All cell culture work needs to be performed under sterile conditions 
in safety cabinets. All cell lines should be tested for mycoplasma 
following the manufacturer instructions (Lonza; LT07-318). Cell 
lines are cultured at 5% CO; and 37 °C in humidified incubators. 


. Human MPC lines (see Note 1). 

. DMEM 4.5 g/L Glucose. 

. Fetal Bovine Serum. 

. Penicillin/Streptomycin/Glutamine 100x (p/s/g). 

. Fibroblast Growth Factor 2 (FGF2) (see Note 2). 

. Sterile cell culture grade Bovine Serum Albumin (7.5% BSA). 
. TrypLE™ Express Enzyme (1x), phenol red. 

. Phosphate Buffered Saline (DPBS). 

. Extracellular Matrix gel from Engelbreth (ECM; 1x). 
. DMEM:F12. 

. Insulin/Transferrin/Selenium 100x. 

. DMSO. 


. Freezing containers. 


= = 
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. Proliferation medium: DMEM 4.5 g/L Glucose, supplemen- 
ted with 10% FBS, 1x Pen/Strep, and 100 ng/ml FGF2 
(added directly to plate/well). 
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23 Antisense 
Oligonucleotide Design 
and Delivery 


24 
Immunofluorescence 


25 RNA Isolation, 
cDNA Synthesis, and 
Quantitative RT-PCR 
(RT-qPCR) 


2. 


Differentiation medium: DMEM:F12, supplemented with 1x 
ITS-X and 1x Pen/Strep. 


. Phosphorodiamidate morpholino oligomer (PMO) AONs 


(Gene Tools, LLC.) 


2. Endoporter (Gene Tools, LLC.) 


oiu 50 Fl nm 


. MilliQ filtered sterile water. 


. 4% Paraformaldehyde (diluted from a 32% solution in PBS). 

. 0.1% Tween (diluted in PBS from a 100% solution). 

. 0.3% Triton-X100 (diluted in PBS from a 100% solution). 

. Bovine Serum Albumin (BSA). 

. Primary antibodies: Mouse-a- MYHIE (1:50, MF20 superna- 


tant, DSHB), Rabbit-a-MYOGENIN (1:100, sc-576, Santa 
Cruz), Rabbit-o-MYOD (1:100, sc-304, Santa Cruz), Mou- 
se-a- PAX7 (1:100, concentrate, DSHB). 


. Secondary antibodies: Horse-a-mouse biotin (1:250, Vector 


Laboratories), Alexa Fluor-594-a-goat, Alexa Fluor- 
488-a-mouse, Alexa  Fluor-594-a-rabbit, Alexa Fluor- 
488-a-rabbit (1:500, Invitrogen). 


7. Tertiary: Streptavidin 594 (1:500, Invitrogen, S-32356). 


O AON A TF WHY FF SO 


— 
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. Hoechst 33342 (1:15,000, Invitrogen, H3570). 


. Nikon wide field microscope (10x and 20x objectives). 


. RNA isolation kit. 

. cDNA Synthesis kit. 

. ITaq Universal SYBR Green Supermix. 
. Hard-Shell 96-Well PCR Plates. 

. Thermocycler. 

. Real-time thermocycler. 

. Spectrophotometer. 

. Agarose. 

. Ethidium Bromide. 

. Primers (see Table 1). 
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Table 1 
Primers used for RT-qPCR 


Primer target Sequence (5' to 3’) 
MYOD fw CACTCCGGTCCCAAATGTAG 
MYOD rv TICCCTGTAGCACCACACAC 
MYOG fw CACTCCCTCACCTCCATCGT 
MYOG rv CATCTGGGAAGGCCACAGA 
LAMPI fw GTGTTAGTGGCACCCAGGTC 
LAMPI rv GGAAGGCCTGTCTTGTTCAC 
LAMP2 fw CCTGGATTGCGAATTTTACC 
LAMP2 rv ATGGAATTCTGATGGCCAAA 
3 Methods 


3.1 Expansion, 
Cryopreservation, and 
Differentiation of 
MPCs 


3.1.1 Expansion 


3.1.2 Freeze-Thaw 


. MPCs grow optimally when the confluency is between 30 and 


90%. It is important to maintain this cell density throughout 
the expansion (see Note 3). 


. Plate cells onto ECM coated plates (see Note 4). Coat plates 


using a solution of ECM (1:200) diluted in Proliferation 
medium without FGF2. Coating solution is left on the plates 
for 30 min at RT. 


. For cell detachment, first wash plates in pre-warmed PBS at 


37 °C and then treat the cells with a 1:1 pre-warmed solution of 
TrypLE™ Express Enzyme and PBS (3 ml for 10 cm plates) for 
3-5 min at 37 °C. 


. Collect cells using 5 volumes of Proliferation medium and 


centrifuge for 4 min at 200 x g. 


. Resuspend cells using Proliferation medium, transfer to 


pre-coated plates (remove coating solution, do not wash), 
and add 100 ng/ml of FGE2 directly into the plate (see Note 
5). 


. Immediately transfer plates to a humidified incubator and per- 


form cross movements to ensure appropriate cell spreading and 
mixing of FGF2. 


. Thaw vials of MPCs in a pre-warmed water bath, transfer cell 


suspension slowly into 5 volumes of Proliferation medium 
(no FGF2), and centrifuge for 4 min at 200 x g. 


. Plate cells in pre-coated plates using Proliferation medium plus 


100 ng/ml of FGE2 freshly added to the cells. 
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3.1.3 Differentiation into 
Multinucleated Myotubes 


3.2 Delivery and 
Efficacy of Antisense 
Oligonucleotides in 
Patient-Derived 
Myotubes 


3.2.1 Transfection 


3.2.2 
Immunofluorescence 


3. 


2. 


Freeze cells using Proliferation medium (plus 100 ng/ml 
FGE2) and 10% DMSO in 1 ml cryovials and store in freezing 
containers at —80 °C for 24 h (at least) prior to long-term 
storage in liquid nitrogen tanks. 


. Grow cells to reach >90% confluency (avoid 100% confluency) 


and then switch to Differentiation medium for 4 days without 
refreshing (see Note 6). Wide field images of differentiated 
myotubes are shown in Fig. 1. 


. Resuspend the PMO AONSs in RNAse-free MilliQ at a concen- 


tration of 1 mM. 


Add 4.5 pl of Endoporter reagent per ml of medium directly to 
the cells and mix by gentle shaking (see Note 7). 


. Add the desired amount of PMO AONS to the cells and mix by 


gentle shaking. 


. Transfect AONs 1 day prior differentiation (day —1). Cells 


should be 60-80% confluent. 


. Switch to differentiation medium (day 0). 


6. Leave cells to differentiate for 4 days and either collect protein 


or RNA or fix cells for immunofluorescence. 


. Forimmunofluorescence analysis of patient-derived myotubes, 


prepare cells using 48-well plates. 


2. Wash cells once in PBS. 


. Fix cells using 4% PFA in PBS for 10 min at RT, remove and 


add PBS. Cells can be stored at 4 °C before proceeding. 


4. Wash twice in PBS for 2 min each. 


. Incubate for 10 min with 0.3% Triton-X100 in PBS for 


permeabilization. 


. Incubate for 30 min with 3% BSA, 0.1% Tween in PBS for 


blocking. 


. Repeat washing step 4. 
. Incubate with primary antibodies for 1 h at RT in 0.1% BSA, 


0.1% Tween in PBS (see Note 8). 


. Repeat washing step 4. 


. Incubate with secondary antibodies for 45 min at RT in 0.1% 


BSA, 0.1% Tween in PBS. 


. Repeat washing step 4. 


. If biotinylated antibodies were used, incubate with tertiary for 


30 min at RT in 0.1% BSA, 0.1% Tween in PBS. 


. Repeat washing step 4. 
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Day 0 
Day 2 
Day 4 


Day 1 
Day 3 


Fig. 1 Wide field images of differentiating MPCs. Representative images of the differentiation of MPCs over 
4 days. Scale bar 100 um 


/ Hoechst 
Myogenin 


Fig. 2 Immunofluorescence images of 4 days differentiated MPCs. MPCs were stained with MYH1E (red), 
MYOGENIN (green), and the nuclei with Hoechst (blue). Arrowheads indicate nuclei present in multinucleated 
myotubes. Scale bar 100 um 


14. Counterstain with Hoechst nuclear staining (1:15,000) in PBS 
for 10 min. 


15. Remove and add PBS. 


16. Take images of five random fields with 10x or 20x lens in 
MYHLE-stained myotubes (see Fig. 2) to calculate the fusion 
index. The fusion index is determined as the percentage of 
nuclei present in multinucleated MYH1E-positive cells (72 
nuclei in one cell) with respect to the total number of nuclei. 


3.23 RT-gPCR 1. Harvest RNA after 4 days of differentiation using 350 pl of the 
lysis buffer (or the amount indicated in the first step of the 
RNA isolation kit) per well of a 12 well-plate. 
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2. 


Purify RNA following the instructions of the preferred RNA 
isolation kit. 


. Retrotranscribe 300-500 ng of total RNA into cDNA using a 


cDNA Synthesis Kit. 


. Dilute cDNA samples 10x and prepare the qPCR using iTaq 


Universal SYBR Green Supermix. 


. Amplify the cDNA of interest using a Real Time System. 


. To analyze alternative splice variants in patient-derived myo- 


tubes, we normalize gene expression using each of the follow- 
ing four genes: MYOD, MYOG (Myogenin), LAMPI, and 
LAMP2 (see Note 9). Gene expression is calculated using the 
ACt method for each housekeeping gene. Thereafter, the aver- 
age value ofthe four normalized expression values is calculated. 


4 Notes 


. Here we only used transgene-free derived muscle progenitor 


cells from hiPSCs as described in [11]. However, we anticipate 
that other sources of myogenic cells would also be applicable. 


. The FGE2 stock powder is dissolved in 0.1% BSA (sterile cell 


culture-grade BSA diluted in PBS and filtered using a 0.22-pm 
filter) and aliquoted using tips and tubes that were coated with 
0.2% BSA in PBS. The dissolved FGF2 can be stored at 
—80 °C. Each aliquot is used for maximally 1 week after thaw- 
ing (kept at 4 °C) and 100 ng/ml is added directly to the cell 
culture medium every 2 days. When adding FGF2 every 2 days, 
this can be done without refreshing cell culture media. How- 
ever, cell culture media must be refreshed every 3 days. 


. MPCs spontaneously differentiate at a confluency of >90% and 


loose proliferative capacity in culture. 


. Here we only used ECM for our studies. However, we antici- 


pate that other coating materials can be used as well. 


. We typically plate a 1/4 or 1/6 dilution of cells to get a 60-90% 


confluency in 2 days and 3 days, respectively, using the same 
plate surface area. 


. There are different methods to differentiate MPCs into multi- 


nucleated myotubes [9-12]. For these studies we 
used DMEM:F12, 1x ITS-X, 1x p/s/g for 4 days without 
refreshing. Longer differentiation periods might result in cell 
detachment due to spontaneous contraction. 


. Endoporter reagent is specifically designed for transfection of 


PMO AONSs and was used by us in the following studies 
[4, 11]. Endoporter reagent does not form a complex with 
AONSs, but it enhances endocytosis in cells. The amount of 
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Acknowledgments 


Endoporter used is independent of the concentration of PMO 
AONs. Other backbones might require different delivery 
reagents. 


. The following proteins are commonly used to assess myogenic 


potential of differentiating MPCs across species: Myosin heavy 
chain (MYHIE, cytoplasmic), Myogenin (MYOG, nuclear), 
and MYOD (nuclear). PAX7 (nuclear) can be used to identify 
the muscle stem cell fraction. 


. To normalize gene expression, we observed that the following 


genes involved in myogenesis: MYOD and MYOG; and the 
following involved in lysosome biogenesis: LAMPI and 
LAMP2; do not change expression levels among patient and 
healthy donor derived myotubes. We used these genes in this 
study [12]. 
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Eye on a Dish Models to Evaluate Splicing Modulation 


Kwan-Leong Hau, Amelia Lane, Rosellina Guarascio, 
and Michael E. Cheetham 


Abstract 


Inherited retinal dystrophies, such as Leber congenital amaurosis, Stargardt disease, and retinitis pigmen- 
tosa, are characterized by photoreceptor dysfunction and death and currently have few treatment options. 
Recent technological advances in induced pluripotent stem cell (iPSC) technology and differentiation 
methods mean that human photoreceptors can now be studied in vitro. For example, retinal organoids 
provide a platform to study the development of the human retina and mechanisms of diseases in the dish, as 
well as being a potential source for cell transplantation. Here, we describe differentiation protocols for 3D 
cultures that produce retinal organoids containing photoreceptors with rudimentary outer segments. These 
protocols can be used as a model to understand retinal disease mechanisms and test potential therapies, 
including antisense oligonucleotides (AONs) to alter gene expression or RNA processing. This “retina in a 
dish” model is well suited for use with AONSs, as the organoids recapitulate patient mutations in the correct 
genomic and cellular context, to test potential efficacy and examine off-target effects on the translational 
path to the clinic. 


Keywords Retinal organoids, Induced pluripotent stem cells, Differentiation, 3D culture, Retinal 
degeneration, Photoreceptor, Retina in a dish 


1 Introduction 


The dysfunction and death of photoreceptor cells are associated 
with inherited retinal diseases (IRDs), which are a major cause of 
blindness. The lack of effective treatment to prevent loss of photo- 
receptors means these diseases are currently irreversible. Recent 
progress in the differentiation of stem cells to retinal cells has 
enabled the generation of functional retinal organoids in vitro or 
a “retina in a dish” [1—4]. By recapitulating the retina from patient- 
derived induced pluripotent stem cells (1PSC), retinal organoids 
offer a platform for developing therapeutic treatments and model- 
ing patient disease [5, 6]. 

A dynamic and complex microenvironment is involved in eye 
development, including direct and indirect cell-cell interaction and 
specific signaling regulation in different stages of development 
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[7]. Because of this complex microenvironment, retinal organoids 
have the potential to develop a more mature retina than photore- 
ceptors differentiated in 2D conditions only. Several studies have 
shown that with defined culture conditions, embryonic stem cells 
(ESC), and iPSC can be differentiated into retinal organoids in a 
3D environment, producing a laminated retina that mimics the 
in vivo human retina [2, 3, 8]. In addition to recapitulating the 
structure of native eye development, rudimentary disorganized 
outer segments can be observed in photoreceptors from retinal 
organoids. 

In this chapter, we describe three different methods to differ- 
entiate iPSC to retinal organoids in 3D. Retinal organoids gener- 
ated from these protocols are well laminated with photoreceptors in 
their outer layer and develop rudimentary outer segments. Impor- 
tantly, they also recapitulate photoreceptor mRNA processing and 
the exquisite pattern of alternative splicing they present [9— 
11]. This makes retinal organoids ideal for studying aberrant splic- 
ing events associated with patient variants in several forms of IRDs 
[9, 12]. Furthermore, they can then be applied to the development 
of antisense oligonucleotides (AONs) as potential treatments 


[9, 13]. 


. U-bottom ultra-low 96-well plate. 
. 25-well plate low attachment. 


. 6-well plate. 


. Crescent knife. 


1 
2 
3 
4. Ultra-low adhesion 6-well plate. 
5 
6. Retinoic acid (RA). 


1. Essential 8 Flex medium. 
2. Geltrex. 
3. Cell dissociation buffer (ThermoFisher). 


l. EB2 base medium: GMEM, 20% Knock-Out Serum, 1% 
Sodium pyruvate, 1% | NEAA, and 110 uM 
2-Mercaptoethanol (see Note 1). 


2. NR media (NRM): DMEM/F12, 1% N5 Supplement, 10% 
FBS, and 1% NEAA (see Note 1). 


3. V-bottom 96-well plate. 
4. IWR-1e (Wnt inhibitor). 
5. Rock inhibitor (Y-27632). 
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Protocol 


25 Non-EB Adherent 
Protocol 


26 RNA Extraction 
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6. Matrigel (growth factor reduced). 
7. Hedgehog smoothened agonist (SAG). 
8. TrypLE. 


l. Neural induction medium (NIM): DMEM/F-12 (1:1), 1% N2 
supplement, 1% NEAA, and Heparin 2 pg/ml (see Note 1). 


2. Retinal Differentiation Medium (RDM): DMEM /F12 (3:1), 
2% B27 (without Vitamin A), 1% NEAA, and 1% Pen/Step (see 
Note 1). 


3. Neural Retina Maturation Medium 1 (RMM1): DMEM/F12 
(3:1), 2% B27 (without vitamin A), 1% NEAA, 1% Pen/Strep, 
10% FBS, 100 uM Taurine, and 1% Glutamax (see Note 1). 


4. Neural Retina Maturation Medium 2 (RMM2): DMEM/F12 
(3:1), 1% N2, 1% NEAA, 1% Pen/Strep, 10% FBS, 100 uM 
Taurine, and 1% Glutamax (see Note 1). 


5. Blebbistatin. 


1. Essential 6 medium (ThermoFisher). 


2. Neural induction Medium (NIM): Advanced DMEM/F12, 1% 
Nz supplement, 1% NEAA, 1% Glutamax, and 1% Pen/Strep 
(see Note 1). 


3. Retinal Differentiation Media (RDM): DMEM /F12 (3:1), 1% 
Pen/Strep, 1% NEAA, and 2% B27 (see Note 1). 


4. Neural Retina Maturation Medium 1 (RMM1): DMEM/F12 
(3:1), 1% Pen/Strep, 2% B27, 10% FBS, 100 uM Taurine, 1% 
NEAA, and 1% Glutamax (see Note 1). 


5. Neural Retina Maturation Medium 2 (RMM2): DMEM/F12 
(3:1), 1% Pen/Strep, 2% B27 (without vitamin A), 1% N5, 10% 
FBS, 100 pM Taurine, 1% NEAA, and 1% Glutamax (see 
Note 1). 


l. RNA mini kit. 
2. PBS. 
3. Micropestle. 


iPSC are maintained with Essential 8 Flex (E8F) in Geltrex coated 
6-well plates (see Note 2). Once they reach 70% confluence, iPSC 
are treated with 500 pl cell dissociation buffer for 2 min at 37 °C in 
the incubator. After the incubation, remove the cell dissociation 
buffer and add 1 ml of E8F into a well. Use 1 ml tip scraping the 
well to collect iPSC in small clumps. Cell clumps are collected and 
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3.1 EB Suspension 
Protocol 


3.2 EB Adherent 
Protocol 


transferred into a new Geltrex-coated plate with 1 ml tip. Medium 
is changed every other day, and iPSC can be double-fed with 4 ml 
ESF to cover the weekend (see Note 3). 


This protocol is adapted from the method initially described by 
Sasai and colleagues [3]. 


l. 


Maintain iPSC in a 6-well plate as described earlier. Use 1 ml 
TrypLE to disperse cells into single cells. Collect the cell pellet 
after centrifugation at 300 x g for 5 min and resuspend in 2 ml 
E8F with 10 uM Rock inhibitor (ROCKI). 


. Place 10,000 cells per well with 100 ul ESF with ROCK in a 


V-bottom low attachment 96-well plate. 


. The next day, add 100 pl E8F with ROCKi (Day 1). 


4. Change half medium, 100 pl, with EB2 with 10 uM ROCK, 


3 uM IWRe-1, and 2% Matrigel twice a week until Day 12. 


. Change half medium, 100 yl, with EB2 with 3 uM IWRe-1, 2% 


Matrigel, 10% FBS, and 100 nM SAG twice a week until Day 
18. 


. Transfer cells into U-bottom ultra-low attachment 96-well 


plates, and the medium is switched to NRM supplemented 
with 0.5 uM RA from Day 20 until Day 100. Change medium 
three times a week (Fig. 1) (see Note 4). 


. From Day 100, select and maintain laminated organoids in 


25-well plates in NRM with no RA till collection day (Fig. 1) 
(see Note 5). 


This protocol is adapted from the method initially described by 
Canto-Soler and colleagues [2 ]. 


l. 


2. 


3. 


Collect the iPSC clusters, as described earlier, from three con- 
fluent wells (or one T25 flask) with ESF + 10 uM Blebbistatin 
(see Note 6) and transfer the cell clumps into three wells (2 ml 
per well) of ultra-low adhesion 6-well plate to form the embry- 
oid bodies (EB). 

After 24 h (Day 1), use a 10-ml pipette to collect the EB into 
15-ml falcon and centrifuge at 110 x g for 2 min. Remove the 
supernatant and collect the EB with 6 ml medium of 75% 
E8F + 10 uM Blebbistatin and 25% neural induction medium 
(NIM). Transfer the EB back to the wells, 2 ml in each well (see 
Note 7). 


With the same technique described in step 2, change the 
medium to 50% ESF + 10 uM Blebbistatin and 50% NIM on 
Day 2 and 100% NIM on Day 3 and Day 5 (see Note 8). 


. On Day 7, transfer EB from three wells to six wells of Geltrex- 


coated 6-well plate in NIM, 4 ml in each well. Gently mix the 


Eye on a Dish Models to Evaluate Splicing Modulation 249 


Fig. 1 EB suspension protocol. Top row: Schematic diagram of EB suspension protocol steps and media. 
Lower row: Representative organoids at different stages of differentiation are shown. Visible lamination can be 
observed at approximately Day 35 and good organoids can maintain the lamination and mature during 
differentiation to form an outer nuclear layer of photoreceptors with inner segment and outer segment (which 
can be seen by the “brush border,” arrowhead). Scale bar is 250 um. The cartoon images are made with 


BioRender 
>o- n 


Fig. 2 EB adherent protocol. Top row: Schematic diagram of EB adherent protocol steps and media. 
Lower row: Representative images at different stages of differentiation are shown. EB formation in suspension 
is followed by attachment to Geltrex-coated wells and formation of NR. Picked NR successfully mature through 
the differentiation form an outer nuclear layer of photoreceptors with inner segment and outer segment (which 
can be seen by the “brush border,” arrowhead). Scale bar is 250 um. The cartoon images are made with 
BioRender 
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3.3 Non-EB Adherent 
Protocol 


3.4 AON Treatment 
of Organoids 


10. 


11. 


medium in the wells to let the EB equally distributed in the 
wells (Fig. 2) (see Note 2). 


. Change 4 ml NIM medium twice a week until Day 15. 
. Feed the cells daily with retinal differentiation medium (RDM) 


from Day 16 until neural retina (NR) domains [9] are formed 
(Fig. 2). 


. Pick individual NR mechanically with a crescent knife using an 


inverted brightfield microscope (EvosXL Core) in the safety 
cabinet in between Day 28 and Day 35 and culture in suspen- 
sion in U-bottom ultra-low 96-well plates with RDM, one 
NR per well. Change medium three times a week (see Notes 
4 and 11). 


. Switch medium to RMMI from Day 42. Of note, 1 uM RA is 


introduced from Day 63. 


. Switch medium to RMM2 with 0.5 uM RA from Day 90 and 


RMM2 only from Day 100. 


On Day 100, laminated retinal organoids can be observed with 
a microscope and are selected and transferred to 25-well plates 
with 1 ml medium (see Note 5). 


Maintain retinal organoids in RMM2 until collection day. 


This protocol is adapted from the method initially described by Ali 
and colleagues [8 ]. 


1 


. IPSC are maintained in 6-well plates as described earlier. E8F is 


switched to Essential 6 medium for 2 days when the cells reach 
90-100% confluence (see Note 9). 


. Introduce 4 ml NIM from Day 3 and change the medium three 


times a week until the NR are formed (Fig. 3) (see Note 10). 


. Pick NR, as described in EB Adherent Protocol (see Subhead- 


ing 3.2, step 7), and maintain in U-bottom ultra-low attach- 
ment 96-well plates with RDM up to 1 week (see Notes 4 
and 11). 


4. Switch medium from RDM to RMMI for 4 weeks. 


1 


. After 4 weeks with RMM1 only, introduce 1 uM RA in RMMI 


for 2 weeks. 


. Switch medium to RMM2 with 0.5 uM RA until Day 100. 


. Visually confirmed laminated organoids are transferred to 


25-well plates and maintained in RMM2 without B27 until 
collection day (Fig. 3) (see Note 12). 


. Mature organoids are generated from protocols described in 


the above sections. 


. Dilute AONs into working concentration (e.g., 0.1-10 uM) 


with culture medium, depending on the methods (see 
Note 13). 
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Fig. 3 Non-EB adherent protocol. Top row: Schematic diagram of non-EB adherent protocol steps and media. 
Lower row: Representative images at different stages of differentiation are shown. NR are formed in NIM 
medium, and picked NR cultured in suspension going through differentiation mature to form organoids with an 
outer nuclear layer of photoreceptors with inner segment and outer segment projecting outwards (which can 
be seen by the "brush border," arrowhead). Scale bar is 250 um. The cartoon images are made with 
BioRender 


3. Remove the medium and treat organoids with media contain- 
ing AONs (see Note 14). 

4. Treat organoids with AONs two times a week with a full change 
of the medium containing the AON (see Note 15). 

5. On the collection day, transfer the organoids into 1.5-ml 
microcentrifuge tubes with 1 ml PBS individually. 

6. Remove PBS and keep the microcentrifuge tube on dry ice for 
10 min. 


7. RNA can be extracted immediately or the samples can be stored 
at —80 °C (see Note 16). 


3.5 RNA Extraction 1. Samples are prepared as described in the previous step. 
from Organoids 2. Homogenize organoids individually with micropestle in the 
microcentrifuge tube. 
3. Add lysis buffer from RNA mini kit, in this case from Qiagen, 
and homogenize organoids again (see Note 17). 
4. Follow the instruction of RNA extraction kit to finish RNA 
extraction and cDNA can then be synthesized. 


3.6 Read-out These methods can be used to produce laminated retinal organoids 
for the study of RNA processing and morphological changes asso- 
ciated with genomic variants and their potential correction with 
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4 Notes 


AONSs. The assays used for downstream analyses are dependent on 
the specific questions being asked. Routine analyses would usually 
involve RT-PCR and qPCR, but the organoids are also amenable to 
RNAseq, single-cell sorting, next-generation sequencing, or long- 
range sequencing. This can provide a unique insight into human 
photoreceptor splicing and its manipulation for discovery science or 
therapeutic benefit. 


l. General. Once supplemented, the complete medium is stable 
for up to 2 weeks when stored in the fridge at 4 °C. Freshly 
made medium can be aliquoted and stored in the freezer at 
—20 °C for longer storage. 


2. Geltrex from stock solution is diluted 50 times in DMEM /F12 
medium and 1 ml diluted Geltrex is used to coat a well in a 
6-well plate. Plate is coated at 37 °C in the incubator for an 
hour. EB will attach in the wells from this step. 


3. General. Different iPSC clones might have different efficiency 
of differentiation using these methods. It is recommended to 
start with at least two of the protocols to test which method is 
more efficient for that specific clone. The retinal identity and 
correct lamination of organoids produced by any of the three 
described methods can be predicted by careful visual inspection 
under a microscope, but it must be verified by expression of 
mature retinal markers (e.g., recoverin, cone arrestin, rhodop- 
sin, LM opsin) by immunofluorescence staining and/or gene 
expression assays. 


4. Medium is changed three times a week for 96-well plates and 
two times a week for 25-well plates. 


5. Cut the end of a 1-ml pipette tip off to transfer organoids from 
96-well plates to 25-well plates. One retinal organoid per well 
of 25-well plates. More than one organoid in a well might cause 
them to merge together. 


6. Three wells from a 6-well plate or one T25 flask are optimized 
conditions we use, but this vary depending on the size of the 
clumps and confluence of the iPSC. So this step may need to be 
optimized in each lab. 

7. Be gentle while collecting and transferring EB from and into 
wells. Avoid breaking the EB into single cells. 


8. Gamm and colleagues reported that a single dose of BMP4 at 
day 6 of differentiation, followed by one-half media changes 
every 3 days until day 16, improved NR production [14]. 
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iPSCs need to reach almost 100% confluence, this is crucial for 
non-EB adherent protocol. Lower density might cause cell 
death and failure of the protocol. Essential 6 medium is 
changed daily. 


For weekend feeding, 6 ml of NIM is used on Friday instead of 
4 ml. NR are usually formed between week 4 and week 6. 


At the NR picking step, it is recommended to pick as many as 
possible (or needed) to increase the number of mature orga- 
noids. Between 50% and 90% of the NR picked will not make it 
to mature laminated retinal organoids (dependent on cell line). 
Some fail to form organized neuroepithelium in suspension 
and some collapse in a later stage forming a ball of neuro- 
retinal rosettes that will not develop the full outer and inner 
retinal layers. It is necessary to account for this when designing 
experiments. 


We find media without B27 from this stage may improve the 
organization of the inner retinal cell layers in organoids. 


0.1-10 uM is the concentration range that we have tested for 
AONSs (with phosphorothioate backbone and either 2’-O- 
methyl or 2'-O-methoxyethyl modifications). The working 
concentration might vary with different AONs, as this is 
empirical. 

Gymnotic treatment with phosphorothioate backbone AONs 
is effective for retinal organoids. Addition of 6 uM EndoPorter 
will assist morpholino uptake. To treat the organoids, 200 pl of 
total volume is used in 96-well plates and 1 ml in 25-well 
plates. 


Treatment time is empirical and will depend on the specific 
target or assay being used. We have used treatment times 
between 72 h and 4 weeks. 


Nonsense mediated decay can be inhibited with emetine prior 
to sample collection, if it is suspected this is affecting the 
detection of aberrant transcripts. 


A 30-gauge needle can be used to help homogenize organoids. 
200-500 ng of RNA can be extracted per organoid. 
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Establishment of In Vitro Brain Models for AON Delivery 


Elena Daoutsali and Ronald A. M. Buijsen 


Abstract 


Progress in stem cell biology has made it possible to generate human-induced pluripotent stem cells 
(hiPSC) that can be differentiated into complex, three-dimensional structures, where the cells are spatially 
organized. To study brain development, Lancaster and colleagues developed an hiPSC-derived three- 
dimensional organoid culture system, termed cerebral organoids, that develop various discrete, although 
interdependent, brain regions. Here we describe in detail the generation of cerebral organoids using a 
modified version of the culture protocol. 


Key words Cerebral organoid, Disease modeling, Induced pluripotent stem cells 


1 Introduction 


Many brain disorders are hereditary diseases with a known genetic 
cause, which allowed scientists to generate animal models to study 
disease progression, understand disease mechanisms, and perform 
therapeutic intervention studies [1, 2]. However, (1) mice are 
different from humans, and it is difficult to translate results from 
animal experiments into clinical application; (2) the genetic cause of 
many diseases is not yet known; (3) many disease-causing genes are 
mainly expressed in the cells that are affected; (4) for many of them, 
there are no (humanized-)mouse models available; (5) there is 
governmental and public pressure to advance the development of 
alternative model systems to replace animal studies. This empha- 
sizes the need for patient-derived disease models that bridge the 
translational gap between animal models and human clinical trials. 
Progress in stem cell biology has made it possible to generate 
human induced pluripotent stem cells (hiPSCs) [3] that can be 
differentiated into the important cell types of the brain, neurons, 
and astrocytes [4, 5]. The disadvantage of these 2D models is that 
they are descriptive at a cellular level, but they fail to adequately 
provide the details that could be derived from a more complex, 
three-dimensional structure, where the cells are spatially organized 
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2 Materials 


21 Neuroectodermal 
Differentiation 


22 Neurospheres 


A3 Organoids 


[6]. In 2013, Lancaster and colleagues developed a hiPSC-derived 
three-dimensional organoid culture system, termed cerebral orga- 
noids, that develop various discrete, although interdependent, 
brain regions [7]. These organoids recapitulate many features of 
human cortical development, including a progenitor zone organi- 
zation with abundant outer radial glial stem cells [8]. 

Here we describe the generation of cerebral organoids using a 
modified version of the Lancaster protocol [7, 9]. In short, feeder- 
free cultured hiPSCs were dissociated and replated in neural induc- 
tion medium in a non-adherent cell culture plate, and differentiated 
for 100 days (Fig. 1). Cryosections of these organoids can be used 
for immunofluorescence studies. Organoids can be used for many 
different purposes including disease modeling, studying disease 
mechanisms, or analyzing therapeutic interventions (using for 
example antisense oligonucleotides) at any given time point. 


l. mTeSR™ 1. 
2. Matrigel. 


3. Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s 
F-12 Nutrient Mixture (DMEM/T12). 


. ACCUTASE™. 

. STEMdiff™ Neural Induction Medium (NIM). 
. Y-27632. 

. V-bottom shape 96-well plate. 


N QD oF eb 


j= 


. Neurosphere medium: DMEM/F12 and Neurobasal medium 
1:1, 1:200 N2 supplement, 1:100 B-27 supplement (without 
vitamin A), 1:100 r-glutamine, 0.05 mM non-essential amino 
acids (MEM-NEAA), 100 U/ml penicillin, 100 pg/ml strep- 
tomycin, 1.6 mg/l insulin, 0.05 mM f.-mercaptoethanol. 

2. Wide orifice pipette tips. 


3. Organoid embedding sheet (or parafilm and a 200 yl tip box). 


l. Brain organoid medium: DMEM/FI2 and Neurobasal 
medium 1:1, 1:200 Nz supplement, 1:100 B27 supplement 
w/o vitamin A, 1:100 r-glutamine, 0.05 mM MEM-NEAA, 
100 U/ml penicillin, 100 pg/ml streptomycin, 1.6 mg/l insu- 
lin, 0.5 pM dorsomorphin, 5 pM SB431542, 0.05 mM 
B-mercaptoethanol. 

2. Spinner flask or 6-well plates. 


3. Bioreactor or shaker. 
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Initiation of neuroectoderm 


Day 3 Day 5 


Neurosphere Cerebral organoid maturation 
formation 


Day 10 Day 16 Day 23 Day 40 


Fig. 1 Cerebral organoids during the various stages of organoid culturing. Organoids are cultured using a 
modified version of the Lancaster protocol. After 5 days of neuroectodermal differentiation, the neurospheres 
are embedded in Matrigel and cultured in the neurosphere medium in a 6-well plate for 5 days. For cerebral 
organoid maturation, the embedded neurospheres are transferred into a spinner flask and can be used for 
downstream applications if needed 


24 Fixation and 
Embedding 


25 Cryosectioning 
and 
Immunofluorescent 
Staining 


3 Methods 


3.1 Neuroectodermal 
Differentiation 


. Wide orifice pipette tips. 

. Dulbecco's Phosphate Buffered Saline (DPBS). 

. 4% paraformaldehyde (PFA). 

. 30% sucrose in distilled water. 

. Embedding mold. 

. Optimum cutting temperature compound (OCT). 


. PLL-coated glass cryoslides. 
. Barrier pen. 
. PBS-glycine: 200 mM of glycine in DPBS. 


. Blocking Solution: 5% goat or horse serum, 0.1% Triton 


X-100, 200 mM glycine in Dulbecco's Phosphate-Buffered 
Saline. 


. Immunobuffer solution: 1% goat or horse serum, 0.1% Triton 


X-100 in Dulbecco's Phosphate-Buffered Saline. 


. Prolong Diamond Antifade Mounting (4 DAPI). 


. Culture hiPSCs under feeder-free conditions in mTeSRTM] in a 


culture dish coated with Matrigel. For neuroectodermal differ- 
entiation one 100 mm cell culture dish is required (see Note 1). 


. When the hiPSCs are ready for passaging, wash the hiPSCs with 


10 ml pre-warmed (37 °C) DMEM/FEI2. 


. Remove DMEM/FI2, add 2 ml pre-warmed ACCUTASE™ 


and incubate for 5 min at 37 °C and 5% CO», allowing cells to 
detach (see Note 2). 
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3.2 Neurosphere 
Embedding 


4. 


10. 


Pipette the cell suspension up and down 3-5 times using a 1-ml 
micropipette to make a single-cell suspension and collect the 
suspension in a 15-ml tube (see Note 3). 


. Add 6 ml of pre-warmed DMEM/FI2, wash the culture dish 


and collect the suspension in the same 15-ml tube as in step 4. 


. Centrifuge at 300 x g for 5 min at room temperature. 


. Remove supernatant and resuspend the cell pellet in 1 ml of 


NIM supplemented with 10 uM Y-27632 and count the cells 
using a cell counter. 


. Dilute the cell suspension in NIM supplemented with 10 uM 


Y-27632 to 4.5 x 10? cells per ml and add 100 pl per well in a 
non-adherent, v-bottom shape, 96-well plate (see Note 4). 


. Centrifuge the plate at 500 x g for 3 min at room temperature 


and incubate at 37 °C and 5% CO3. 


Change medium by carefully removing 50 pl NIM from the 
top of the wells, without disturbing the embryoid bodies, and 
by adding 50 pl of fresh NIM. Medium changes should be 
done daily for the next 5 days (see Note 5). 


. Use an 1-ml micropipette with a wide orifice pipet tip to place 


the neurospheres on a silicone organoid embedding sheet (see 
Notes 6 and 7). 


. Carefully remove the medium from the well, without disturb- 


ing the neurosphere, and expel it back to dislodge the neuro- 
sphere from the bottom of the well. 


. Use a wide orifice tip to collect the neurosphere and transfer it 


to the embedding sheet. 


. Carefully remove as much liquid from the embedding sheet as 


possible. 


. Use an ice-cold tip to add a drop of Matrigel onto each 


neurosphere. 


. Use an ice-cold tip to place the neurosphere in the center of the 


Matrigel droplet. 


. Incubate at 37 °C and 5% CO; for 15 min. 
. Carefully wash the neurospheres from the embedding sheet 


into a 100-mm culture dish by flushing them with the neuro- 
sphere medium and incubate at 37 °C and 5% CO2. The total 
volume of neurosphere medium in the dish is 10 ml (see Note 


8). 


. Add 2 ml of fresh neurosphere medium on day 2. 
10. 


Use the embedded neurospheres 4 days after the embedding 
for the next step in the protocol. 


3.3 Organoids 


3.4 Fixation and 
Embedding 


3.5 Cryosectioning 
and 
Immunofluorescent 
Staining 


l. 
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. Carefully transfer the embedded neurospheres into a spinner 


flask containing 100 ml of pre-warmed organoid medium using 
a 2-ml serological pipette (see Note 9). 


. Place the spinner flask on the magnetic stirring platform in the 


incubator and use a stirring program at 25 rpm. 


. Culture the organoids on the magnetic stirring platform at 


37 °C and 5% CO; for up to 100 days (see Notes 10 and 11). 


. Change the medium weekly by removing 50 ml ofthe organoid 


medium and adding 50 ml of fresh organoid medium (see Note 
12). To refresh the medium, remove the spinner flask and let 
the organoids sink to the bottom for 5 min. Then carefully 
remove the medium, without disturbing the organoids. 


. Collect the organoids with an 1-ml micropipette with a wide 


orifice pipet tip and transfer them in a 60-mm dish or in a 
6-well plate (see Note 6). 


. Wash the organoids with 5 ml of prewarmed Dulbecco's 


Phosphate-Buffered Saline. 


. Use a wide orifice tip to transfer each organoid separately into a 


1.5-ml Eppendorf tube with 500 pl of 4% PFA. Incubate the 
organoids for 30 min at room temperature (see Notes 13 and 
14). 


. Remove the 4% PFA solution and wash the organoids twice 


with 1 ml DPBS for 5 min (see Note 15). 


. Remove DPBS and add 1 ml of 30% sucrose in distilled water 


per tube to dehydrate the organoids and incubate the orga- 
noids at 4 ^C overnight (see Note 16). 


. Fill a Peel-A-Way embedding molds with 400 ul of optimum 


cutting temperature compound (until the middle) and use an 
inoculation loop to place the organoid in the center of the 
mold. Label the rim of the mold with the sample name (see 
Note 17). 


. Snap-freeze the organoid-containing mold with ethanol on 


dry-ice and store at —80 °C until further use. 


Section cryoprotected frozen organoids into 16- to 20-um- 
thick slices on PLL-coated glass cryoslides using a cryostat 
(see Notes 18 and 19). 


. Thaw (if they were frozen) and dry the slides for 30 min at 


room temperature. 


. Draw a hydrophobic barrier around each section using a 


barrier pen. 


. To quench the PFA-induced autofluorescence wash the slides 


twice with 200 uL of PBS-glycine for 3 min. 
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Fig. 2 Immunofluorescent staining of a cortical plate structure. Cortical plate structure in cerebral organoids 
stained with DAPI (blue), the neural progenitor marker PAX6 (green), and the neural marker TUBB3 (red). The 
scale bar represents 100 um 


5. Block nonspecific binding by adding 100 yl of Blocking Solu- 
tion to the section for 1 h at room temperature. 


6. Add 100 wl of primary antibody diluted in immunobuffer 
solution and incubate the slides overnight at 4 ^C (see Note 
20). 

7. Wash three times with DPBS for 5 min. 


8. Incubate the sections with the secondary antibody in immuno- 
buffer solution for 1.5-2 h at room temperature (see Note 21). 


9. Wash the slides three times in PBS. 


10. Put a drop of Prolong Diamond Antifade Mountant (4 DAPI) 
on the section and put a coverslip on top. Leave overnight at 
room temperature. 


11. Store in fridge at 4 ^C until performing microscopy. An exam- 
ple of a cortical plate structure in cerebral organoids stained 
with the neural progenitor marker PAX6 and the neural marker 
TUBBS can be seen in Fig. 2. 


4 Notes 


l. Change mTeSR?M] daily and passage hiPSCs after 5-7 days. 
hiPSCs are ready to passage when the majority of the colonies 
are large, compact, and have centers that are dense compared to 
their edges. Only use undifferentiated, high-quality hiPSCs 
that are fully characterized according to the latest human plu- 
ripotent stem cell registry guidelines (https://hpscreg.eu/). 


2. 1 ml ACCUTASE?M per 25 cm? surface area. 


3. ACCUTASE™ is a cell detachment solution of proteolytic and 
collagenolytic enzymes and does not need to be neutralized. 


4. Make sure that the cells are equally distributed in the suspen- 
sion by mixing the tube regularly. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 
19. 
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. There is more evaporation from the four corner wells. Do not 


use these wells or add extra medium daily (up to 100 yl total 
culture volume). 


. The wide orifice tip can be replaced by a cut tip. The cut on the 


tip should be done by using sterile scissors. You can effectively 
sterilize scissors in an autoclave, but tools can also be sterilized 
in alcohol or a flame. 


. The silicone organoid embedding sheet can be replaced by 


placing parafilm over an empty 200-pl tip box and using a 
finger to make small holes. 


. A maximum of 20 neurospheres per 100-mm cell culture dish. 
. A maximum of 20 organoids per culture flask. 
10. 


When spinner flasks are not available, non-adhesive culture 
plates on a rotating platform can be used. Use a shaking 
program of 75 rpm. 


If an orbital shaker and a 6-well plate are used, do not transfer 
more than 10 organoids per well. Moreover, monitor the 
organoids regularly to reduce the chance of them sticking 
together. If organoids stick together, you can easily separate 
these by using a sterile pipet tip as a knife. 


Medium changes need to be done more often when there is a 
color change of the medium. Check the organoids regularly 
and replace the medium as done in step 3 in Subheading 3.3 
when needed. For a 6-well plate, a volume of 3-ml medium per 
well can be used and medium should be changed twice a week 
and/or when there is a color change of the medium. 


For a big batch of organoids, fixation can be done in a 6-well 
plate. 


For larger organoids (72 mm), a 4% PFA incubation at 4 ^C 
overnight is recommended. 


You can store the organoids in 1 ml DPBS at 4 °C for up to 
7 days. 


After the addition of 30% sucrose solution, the organoids 
should float at the surface, and by the next day, the organoids 
should sink down to the bottom of the tube. You can keep the 
organoid in 30% sucrose for up to a month. The recommended 
time for organoids larger than 4 mm is 5—7 days. 


To better visualize the organoid while cryosectioning, add 
Trypan-blue diluted 1:50 in DPBS before embedding the 
organoids in OCT (and after 30% sucrose) for 15 min at 
room temperature. The outer area of the organoid will be 
colored blue. 


Up to 100 sections can be obtained from one organoid. 
The slides can be stored at —80 °C. 
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20. Put a wet tissue inside the box to prevent the slides from 


drying out. 


21. Keep in the dark from here on. 
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In Vivo Model Systems 


Check for 
updates 


Considerations for Generating Humanized Mouse Models 
to Test Efficacy of Antisense Oligonucleotides 


Irene Vazquez-Dominguez and Alejandro Garanto 


Abstract 


Over the last decades, animal models have become increasingly important in therapeutic drug development 
and assessment. The use of these models, mainly mice and rats, allow evaluating drugs in the real-organism 
environment and context. However, several molecular therapeutic approaches are sequence-dependent, 
and therefore, the humanization of such models is required to assess the efficacy. The generation of 
genetically modified humanized mouse models is often an expensive and laborious process that may not 
always recapitulate the human molecular and/or physiological phenotype. In this chapter, we summarize 
basic aspects to consider before designing and generating humanized models, especially when they are 
aimed to test antisense-based therapies. 


Keywords Humanized models, Model systems, Mouse model generation, Splicing defects, Antisense 
oligonucleotides, In vivo drug testing 


1 Introduction 


Even though in 2020 the Food and Drug Administration (FDA) 
approved 53 new drugs (their second biggest approval number 
ever) [1], the mean annual number of drug approvals was 
4] between 2010 and 2018 (approximately 15% of all evaluated 
drugs until 2019) [2 ]. It could be argued that this limited success is 
mainly caused by the insufficient recapitulation of the physiological 
and pathological of human disease in the preclinical phase. Study- 
ing human diseases is often difficult due to the restrictions and 
ethical concerns regarding the manipulation of human samples or 
tissues and the use of animal models allows the evaluation of drugs 
within an entire organism. However, these models are different 
species, with a different DNA sequence and different behavior, 
that may not recapitulate the complete human phenotype. 
Among all animal models, mice and rats are the most frequently 
used models in early preclinical stages. This is due to their relatively 
small size, ease of handling and maintenance, short reproductive 
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cycle, and the similarities with regard to the genomic and physio- 
logical properties compared to humans, as well as the easy genetic 
manipulation that can be conducted, especially in mice [3]. 

Antisense oligonucleotide (AON)-based therapies are 
sequence-specific approaches aimed to either interfere with the 
splicing mechanism or regulate gene expression, protein transla- 
tion, or RNA/protein binding [4]. All these processes are highly 
regulated in cells through different mechanisms such as epigenetics 
and interactions between mRNA and proteins, which can differ 
between species [5]. Unfortunately, if the sequence of interest is 
not completely conserved, the molecule designed to target the 
human sequence cannot be assessed in the animal model. In this 
case, the humanization of the models offers the possibility to 
(partially) replace mouse genes by human counterparts, insert a 
human copy of the gene in the mouse genome, as well as harbor 
human tissues [6, 7]. This allows to have the human sequence in an 
in vivo model. However, before generating such a model, it is 
crucial to first evaluate if the effect of the mutation of interest is 
also recapitulated in mouse [8]. In this chapter, we discuss the most 
important considerations to need to be taken into account before 
generating a genetically modified humanized mouse model to 
assess the therapeutic effect of AON molecules. 


2 Human and Mouse: Species Are Similar But Not Equal 


During the last decades, mouse models have served as valuable 
organisms for investigating human biology and disease as mouse 
and human are very similar to each other at the cellular as well as the 
biochemical level. Furthermore, most of the human cellular path- 
ways are conserved in mouse, at the genetic and molecular level 
[5]. Despite these similarities, mice and humans can also differ in 
several aspects at multiple levels. For instance, it is described that 
around 1% of the human genes do not have an ortholog in mouse 
[9], which means that not all genes are present in both genomes. 
Furthermore, some data indicate that there is a higher variability of 
gene expression between the same tissue of two different species, 
compared to two different tissues within the same species 
[5]. These findings support the hypothesis that regulatory path- 
ways, like epigenetics, can be responsible for the interspecies differ- 
ences [5]. Within epigenetics, histone modifications, such as 
methylation and acetylation of the promoter region, play a crucial 
role in expression, leading to most of the differences between both 
species [10] (Fig. 1a). In addition, differences at the individual gene 
level give rise to different protein isoforms. Finally, the conserva- 
tion rate of amino acids generates some differences in protein 
function or substrate recognition [9] (Fig. 1b). These differences 
can also cause different response to drug administration [11]. All 
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A) Epigenetics 
Human Mouse 


Gene expression Gene expression 


B) Amino acid conservation rate 


Human KKASKPKKAASKAPTKKPKATPVKKAKKKLAATPKKAKKPKTVKAKPVKASKPKK 
Mouse KKAAKPKKAASKAPSKKPKATPVKKAKKKPAATPKKT KKPKAVKV KPVKASKPKK 
kkk KKKKKKKKKK: kkkkkkkkkkkkkk kkkkkk KKKK kk kkkkkkkkkk 


C) Mutation effect 


Human 
p mutation 
Pathological effect Non-pathological effect 
D) Splicing mutation 
HL exon! exon 2 exon 3 ALLIT HII exon]! i exon 2 exon 3 .LLLLITI 
Recapitulation of the normal splicing Recapitulation of the splicing defect 
after humanization after humanization 


Fig. 1 Summary of some aspects that can differ between human and mouse. (a) Epigenetics. Organs in which 
the gene of interest is expressed are represented in color while those organs in which the gene is not 
expressed because of epigenetics regulation (such as methylation, me3) are in gray. As the pattern of gene 
expression between both organisms (inside the blue circle) is different, the functional role of the gene in both 
may also be different. (b) Amino acid conservation rate. As an example, part of the human and mouse Histone 
1 amino acid sequences is represented. Discrepancies between amino acids are indicated with different 
symbols (: or .) while conserved regions are marked with an asterisk (*). (c) Mutation effect. Not always the 
same mutation has the same effect on both species. In humans, the mutation can underlay a pathological 
defect (left) that is not recapitulated in mice (right). (d) Splicing. The recapitulation of the normal splicing after 
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these discrepancies can make that a defective gene or pathological 
mutation in humans may have a completely different outcome 
when the orthologous gene is mutated or truncated in mice [12- 
14] (Fig. 1c). 

AONS are often used to modulate splicing and correct aberrant 
splicing. It has been reported that the consensus splice site 
sequences in mouse and human are highly conserved and compara- 
ble even though some small changes in these patterns have been 
described [15]. That could mean that a human splicing defect may 
not be completely reproduced in mouse. Some differences between 
both species at the splicing level have been already described 
(Fig. 1d). One example is the variant c.315-48T» C in the FECH 
gene, a modifier mutation for erythropoietic protoporphyria 
[14]. This mutation generates an aberrant splice acceptor site that 
results in an intron inclusion of 63 nucleotides upstream of exon 
4. However, the generated mouse model not only presents this 
mis-splicing effect but also a strong skipping of the partially huma- 
nized exon 3 [14]. This example illustrates how a hybrid gene 
(or humanized mouse gene) can have undesirable effects on splic- 
ing. Another example is the low recognition of the pseudoexon 
insertion caused by a deep-intronic mutation in the CEP290 gene 
(c.2991+1655A>G) in the humanized mouse model carrying this 
specific variant [13]. Further studies showed that the recognition of 
the pseudoexon seemed to be specific of primates, and it was less 
efficient in other species such as pig, dog, mouse, or Drosophila. In 
addition, as shown in FECH, additional splicing events not 
detected in humans were found in the humanized Cep290 model 
[16]. Based on all these studies, we recommend performing several 
in vitro validation steps before generating a humanized mouse 
model (Fig. 2). 


3 Checkpoints Before Generating a Humanized Mouse Model 


31 Literature An important aspect is to look first in literature or in mouse data- 
Research bases (such as the Mouse Genome Informatics (MGI, http://www. 
informatics.jax.org/) and the International Mouse Phenotyping 
Consortium | (IMPC,  https;//www.mousephenotype.org/)) 
whether any genetically modified animal model for the gene of 
interest has already been obtained. With this information, one can 
avoid the generation of a model already available. In addition, if a 
humanized model is aimed to study disease, the availability of a 


< 
Fig. 1 (continued) humanization is indicated on the left. Mouse regions are indicated in purple and human 
regions in yellow. On the right, the presence of the splicing-related mutation of interest, located in an intron 
sequence, causes the insertion of a pseudoexon (PS) in the mRNA transcript. In this situation the splicing 
defect is recapitulated after the humanization 


6. In vitro validation. 
Is the splicing defect 
recognized in the murine 
molecular background? 
Can it be corrected using 
AONs? 


5. Humanization 
feasibility. 

Is the humanization 

technically feasible? 
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1. Literature research. 


Is there already an existing genetically modified 


Purchase / Establish 
a collaboration 


model for the gene of interest? Does it 
recapitulate the human phenotype? 


2. Comparison of the 


gene. 
Humanization Is the gene present in 
might be the mouse genome? 


successful 


3. Comparison of the 
gene. 

Is the gene structure 

similar between mouse 

and human? 


4. Assessment of the gene expression in mouse. 
Is the gene expressed, at least, in the tissue of study 


in both species? 


Fig. 2 Schematic representation of the different checkpoints for generating a humanized mouse model 


3.2 Comparison of 
the Gene Sequence 


knockout/mutant model will contribute to predict the possible 
phenotype of the potential new humanized model. For instance, 
mutations in ABCA4 generate a non-functional protein involved in 
the visual cycle that leads to retinal degeneration and subsequent 
loss of vision, causing Stargardt disease in humans [17-19]. How- 
ever, the Abca4 /- mouse model shows a mild late onset pheno- 
type, despite the fact that no ABCA4 protein is encoded [20]. That 
means that the defect caused by the absence of this protein is not 
completely comparable to the human phenotype. Thus, depending 
on the purpose of study, a humanized mouse model may not be 
suitable to evaluate antisense therapies for a particular gene. 


If the model is not available, the first question that needs to be 
answered is whether the gene of interest is present in the mouse 
genome. The probability is high, since only 1% of human genes do 
not have a mouse orthologue [9]. In addition, it is important to 
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3.8 Assessment of 
Gene Expression in 
Mouse 


3.4 Humanization 
Feasibility 


check the structure of the gene, to ensure it is similar and no 
relevant exons for the study or protein function are missing. To 
do so, databases such as Genome Browser (https://genome.ucsc. 
edu) or Ensembl (https://www.ensembl.org) can be useful. If the 
gene name does not coincide, a blast (https://blast.ncbi.nlm.nih. 
gov) at DNA or protein level can be done to search for similar genes 
or proteins in other species. 


Although mouse and human are similar at cellular and molecular 
levels, some discrepancies between both species have been already 
reported, including variation in expression levels in different tis- 
sues. Therefore, assessing that the gene of interest is expressed in 
the proper murine tissue (or at least the tissue of study) is crucial. 
For instance, it is already known that one of the most important 
pathways in cancer and apoptosis, the phosphoinositide 3-kinase 
(PI3K) signaling cascade [21], shows high differences in the 
expression of its two key genes, mTOR and AKT2, between both 
species [22]. Thus, mouse is not the best model to conduct onco- 
logical studies that aim to investigate this pathway in vivo. In 
addition, it has been published that muscle, liver, and neuronal 
cells show a strong similarity of gene expression profiles between 
both species while other tissues such as testis, lung, and pancreas 
showed more differences due to the evolution [22]. Therefore, it is 
important to check expression levels in the tissue(s) of interest in 
mouse, to ensure that the generation of the humanized model will 
be useful for future experiments. 


In general, there are two main ways to introduce the human gene 
into the mouse genome: 


* Introduce the human gene of interest (or part of it) in the mouse 
genome. 


* Replace the corresponding mouse gene (or part of it) by the 
human one. 


In the first option, the complexity lays on where to exactly 
insert the gene and how to regulate its expression. The second 
option requires a more in-depth study on the recombination pos- 
sibilities, the conservation rate between human and mouse, and the 
resulting humanized gene and protein. For that, first it is important 
to identify the mouse exons that correspond to the human ones. It 
is also important to check whether they encode for the same part of 
the protein and how conserved it is. This can be done with the 
previously mentioned freely available databases. Finally, the overall 
procedure needs to be technically feasible, by either homologous 
recombination in embryonic stem cells or genome editing techni- 
ques using a donor template. These steps need to be discussed with 


3.5 In Vitro 
Validation 


3.5.1 In Vitro Splicing 
Assays Considerations 
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experts on these techniques either at other academic institutes or 
companies specialized in generating animal models. 


As indicated previously, AONs can be used for splicing modulation. 
Thus, it is important to study whether the splicing machinery in 
mouse will allow proper: 


e Splicing of the humanized transcript or human gene. 


e Recapitulation of the human splicing defect caused by a specific 
mutation in the mouse molecular background. 


One way to perform this validation is by using artificial systems 
(e.g., mini-/midigenes) harboring the human region of interest 
either with the “wild-type” sequence or the mutated one [16]. In 
that way, it can be assessed whether they behave in a mouse-specific 
environment as expected based on observations in humans. For 
that, conventional mouse-derived cell lines can be a good start 
[23]. The data obtained from these studies are crucial to assess if 
the mouse might be a good animal for the generation of a huma- 
nized model. 


The easiest way for a first screening is to develop human mini-/ 
midigenes with and without the mutation [24] and deliver them to 
conventional mouse cell lines easy to transfect, such as iMCD3, 
B16-F10 or N2A. However, depending on the tissue of interest, 
this information might not be completely accurate. For instance, in 
human cells, we and others have found differences in pseudoexon 
recognition, depending on how similar the molecular background 
was compared to the one of the cell/tissue of interest [24-26], 
probably due to tissue-specific splicing regulatory elements 
[27]. Therefore, it is important to choose an appropriate cell line. 
For instance, if the gene is implicated in neurological disorders 
affecting the brain, the mouse cell line N2A (derived from mouse 
brain) might be a better option than using B16-F10, derived from 
mouse skin or iMCD3, derived from kidney [28]. It is always good 
to test in several different cell lines: if the splicing pattern observed 
in humans is well recapitulated in multiple cell lines, most probably 
the humanized model will also show the same splicing patterns. In 
case the splicing pattern is not recapitulated at all, we recommend 
to stop with the generation of the humanized mouse model and try 
to find alternative models. 

Next step, if the splicing defect is recapitulated, is to determine 
whether the AONs of interest previously designed and tested 
in vitro human models can also rescue the splicing in the murine 
molecular background. With that, it is possible to evaluate if those 
molecules will also be successful in the mouse molecular back- 
ground. The generation and validation of mini-/midigenes and 
AON rescue can be done in 3-4 weeks as previously reported 
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[24, 29] and can contribute significantly to reduce the number of 
animals by performing initial screenings in vitro [24 ]. 

If all the aforementioned points are met successfully (Fig. 2), 
the chances of success are higher. However, it can still happen that 
even though the molecular defect is recapitulated, the model does 
not show a similar phenotype. Unfortunately, this is difficult to 
predict in vitro. In addition, in order to discern whether the 
humanization of the model may influence the potential phenotype, 
especially in those cases where a mutation has been introduced, it is 
strongly advisable to generate two humanized models, one with 
only the human “wild-type” region and another one with the 
mutated sequence. 


4 Current Examples of Humanized Mouse Models 


41 Insertion of the 
Entire Human Gene 


Different approaches have been used to generate humanized mouse 
models, ranging from introducing the entire gene or part of it or 
replacing specific parts the gene by the human counterpart. Some 
of these models have also been used to test AON-based therapies 
for different types of disease. 


One of the approaches frequently used is the introduction of the 
entire human gene into the mouse genome. This method also takes 
into account the endogenous expression of the corresponding 
mouse gene and whether it can affect the development of the 
desired phenotype. One example of this is the humanized Tg32 
FcRn mouse, which harbors the complete human FCGRT gene 
(around 11 kb) plus 5’ and 3’ untranslated regions (around 
10 kb). This transgene is introduced into C57BL/6J oocytes with 
a null mutation in the FcR» mouse gene, which is involved in IgG 
and serum albumin turnover. As a result, only the human FcRz is 
expressed under the control of its natural human promoter. Besides 
introducing the “wild-type” sequence in the mouse genome, 
Anderson and colleagues also generated a defective allele [30]. In 
this, a neomycin-resistance cassette was inserted, replacing the 
human *wild-type" located between the promoter end and the 
beginning on exon 2. This study revealed that the FeRn*/~ 
model recapitulated the ^wild-type" condition indicating that 
only one allele is sufficient to regulate the IgG levels and transport 
[31-33]. However, the defective mouse model ( FcRz ^7) success- 
fully recapitulated the defective neonatal transport phenotype 
[30]. This model has already been used in drug preclinical studies 
[34]. Most of these studies focused on the evaluation and the 
pharmacokinetics and pharmacodynamics of human IgG [35], 
but it may also be useful for other therapeutic approaches, such as 
AONSs [36]. 
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Retinitis pigmentosa (RP) is the most frequent inherited retinal 
disease, for which no therapy is currently available. In this disorder, 
most of the studies have been focused on the mutation p.P23H of 
rhodopsin (RHO), a recurrent mutation causing autosomal domi- 
nant RP [37, 38]. To study this mutation, several animal models 
have been developed, including the generation of humanized mod- 
els in either mouse [39] or rats [37, 40]. In all of them, the 
transgene segregated in an autosomal dominant allele manner and 
the lines were maintained within the murine wild-type rhodopsin 
background (Rho'’*). However, they differed in the expression 
levels of the murine and human rhodopsin mRNA. These studies 
revealed that a higher number of copies ofthe mutant allele induces 
a more severe RP phenotype, but also that overexpression of the 
wild-type allele has a detrimental effect, causing similar RP abnorm- 
alities [39, 41-43]. Some of these models have been used to 
successfully test AON-based therapies aiming to degrade the 
mutated transcript [44]. These and other results led to a recently 
started clinical trial (NCT04123626, http://www.clinicaltrials. 
gov). 

AON-based therapies have had a major development in neuro- 
muscular disorders [45 ]. Several mouse models recapitulating mus- 
cular dystrophy phenotypic traits have been generated. For 
instance, the mdx model, which harbors a nonsense mutation in 
exon 23 of the mouse Dmd gene causing loss of the functional 
protein expression, presents a moderate-severe phenotype with an 
early onset of skeletal muscle degeneration and impairment in 
muscle functions [46]. However, this model can only be targeted 
with mouse-specific AONs to the mutation in exon 23 [47-49 ]. To 
solve this limitation, the sDMD/mdx mouse model was generated 
by crossing the mdx model with a model carrying the entire human 
DMD gene (DMD), allowing the expression of the “wild-type” 
human dystrophin in the mdx model [50]. However, the expression 
of 4DMD hampered the development of the dystrophic phenotype 
caused by the mutation present in the mouse Dmd gene. In 2018, 
the group of Prof. Aartsma-Rus overcame these limitations by 
generating a new humanized mouse model (del524DMD/mdx 
mice). This model carries both human and murine DMD genes 
with pathogenic mutations previously described. As a consequence 
of the nonsense mutation in exon 23 in the mouse Dmd gene and 
the deletion of exon 52 in the ADMD gene, none of the genes 
produce functional dystrophin protein [51]. The absence of dys- 
trophin expression caused a more severe muscular dystrophy phe- 
notype than the one observed in other models. As a result, this 
model was suitable to test human-specific AONs, and thereby 
improve AON-based therapies for Duchene muscular dystrophy 
patients by enabling studies at the mRNA, protein and functional 
level. 
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42 Replacing Part of 
the Mouse Gene by the 
Human Gene 


5 Conclusions 


Another way to generate a humanized mouse model is by replacing 
a specific region in the mouse genome by the human counterpart. 
One example is the humanized mouse model generated to study 
the mutation c.2991+1655A>G in the CEP290 gene. This muta- 
tion is the most recurrent mutation underlying Leber congenital 
amaurosis, accounting up to 15% of all cases in some populations 
[25, 52]. Two mouse models were generated in which the mouse 
sequence from exon 25 to exon 26 was replaced by the 
corresponding human exon 26, intron 26 (with or without harbor- 
ing the mutation of interest), and exon 27 [13]. In the model 
Cep290**"*. human intron 26 harbors the mutation of interest 
while the model Cep290"""/^"" does not. In both the models, 
Cep290 expression levels and regular splicing of the gene were 
maintained when compared to “wild-type” mice. However, the 
splicing defect was barely present in the Cep290°*” model, the 
retina being the only tissue where the exon was recognized at 
detectable levels, but by far not enough to lead to the human 
phenotype [25 ]. Subsequent studies, revealed that the pseudoexon 
recognition strongly correlates with evolutionary distance, being 
highly recognized in primates, and hardly recognized in lower 
species such as rodents and fly [16]. 


In summary, the suggestions given in this chapter highlight the 
importance of performing an accurate study to increase the chances 
of success when generating a humanized mouse model, e.g., to 
assess AON-based molecules. Despite similarities, human and 
mouse are different species and therefore differences are expected 
at all levels. When aiming to generate a humanized model, it is 
crucial to determine first if the gene of interest is present in the 
genome, has a similar structure, and if it is expressed in the same 
tissue(s) as in humans. Subsequently, when working with splicing 
defects, it is important to validate that these will be recognized in 
the murine molecular background, which can be easily done using 
“artificial systems” in vitro. If everything is conserved, the technical 
part is also important, is it feasible to humanize the model? If so, 
the chances of success are high. However, in some cases, it is not 
feasible, or a mouse model is not an option. In those cases, other 
models can be explored such as zebrafish or cellular models based 
on organ-on-a-chip technology. Following these suggestions may 
increase the success of the generation of humanized models and 
reduce the number of animals used in research. However, although 
all these in silico and in vitro tests can help to predict the recapitu- 
lation of a molecular defect in a humanized model, it is important 
to keep in mind that such models may not recapitulate the entire 
human phenotype. 
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Modulation Therapies 


Renske Schellens, Erik de Vrieze, Ralph Slijkerman, Hannie Kremer, 
and Erwin van Wijk 


Abstract 


Antisense oligonucleotide (AON)-based splice modulation is the most widely used therapeutic approach to 
redirect precursor messenger RNA (pre-mRNA) splicing. To study the functional effect of human muta- 
tions affecting pre-mRNA splicing for which AON-based splice redirection would be a potential therapeu- 
tic option, humanized knock-in animal models are pivotal. A major limitation of using humanized animal 
models for this purpose is the reported poor recognition of human splice sites by the splicing machineries of 
other species. To overcome this problem, we provide a detailed guideline for the generation of functional 
humanized knock-in zebrafish models to assess the effect of mutation-induced aberrant splicing and 
subsequent AON-based splice modulation therapy. 


Keywords Pre-mRNA splicing, Species-specific minigene splice assay, Antisense oligonucleotides, 
Inherited retinal dystrophies, Usher syndrome, Zebrafish 


1 Introduction 


Precursor messenger RNA (pre-mRNA) splicing is a tightly regu- 
lated and complicated process. The spliceosome, a multicompo- 
nent protein complex, removes introns from the pre-mRNA by 
recognizing and joining each splice donor site, located at the 5’ 
end of the intron, to its corresponding splice acceptor site, located 
at the 3’ end of the intron. The remaining exons are subsequently 
fused together to form mature mRNA. However, genetic variants 
in both introns and exons can affect the process of splicing and 
result in a range of pathogenic phenotypes. 

For inherited retinal dystrophies (IRDs), it has been estimated 
that ~20% of all identified mutations affect pre-mRNA splicing 
[1]. Numerous of those mutations have already been described in 
literature [2-4], of which the recurrent  deep-intronic 
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2 Materials 


21 In Silico Splice 
Site Analysis 


c.7595-2144A > G mutation in USH2A intron 40 is an example 
[5]. This mutation creates a strong splice donor site resulting in the 
incorporation of a pseudoexon (PE40) into all USH2A transcripts 
and as a consequence, the premature termination of usherin trans- 
lation. Loss of usherin function in man results in either combined 
hearing and vision loss (Usher syndrome) or non-syndromic vision 
loss (retinitis pigmentosa). 

Currently, the most widely used approach to interfere with pre- 
mRNA splicing is antisense oligonucleotide (AON)-based splice 
modulation. AONs are small single-stranded RNA molecules 
designed complementary to their target pre-mRNA. Upon binding 
to splicing regulatory elements within the pre-mRNA transcript, 
AONSs are capable of correcting aberrant pre-mRNA splicing, 
inducing the skipping of (pseudo)exons or promoting the inclusion 
of native exons [6]. 

Humanized animal models, in which a specific part of the 
species’ genomic DNA is replaced by the orthologous human 
sequence, are pivotal to study the functional effect of aberrant 
splicing and AON-based splice correction therapy. Multiple verte- 
brate model organisms, each having their pros and cons, are cur- 
rently being used for IRD-associated translational research 
purposes. Among those, the zebrafish represents a fast and inex- 
pensive model which has proven its strength in studying IRDs. 
Zebrafish are easy to genetically manipulate, have a retinal structure 
comparable to humans, and for most IRDs (including Usher syn- 
drome) robust phenotypes can already be detected at 5 days post 
fertilization (dpf) [7]. 

A major difficulty of using humanized knock-in animal models 
for the purpose of studying aberrant splicing and evaluating 
AON-based splice correction is the reported poor recognition of 
human splice sites by the splicing machineries of other species 
[8, 9]. As such, thorough in silico bio-informatic analyses and 
in vitro cell-based splice assays are essential for the development 
of a humanized animal model that properly recognizes the splice 
sites of the introduced human sequence. In this chapter, we will 
discuss the step-by-step procedure to generate functional huma- 
nized zebrafish models, including optimization in cross-species 
splice-site recognition, to assess the effect of mutation-induced 
aberrant splicing and subsequent AON-based splice redirection 
therapies. 


l. A computer with internet access and a web browser. 


Generation of Humanized Zebrafish Models for the In Vivo Assessment of. . . 283 


22 Cloning of a 
Minigene Splice Vector 


A3 Mutagenesis 
PCR 


24 Cell Culture 


. Forward and reverse primers including attB tails to generate a 


Gateway? cloning-compatible PCR amplicon containing the 
(pseudo)exon of interest flanked by 7500 bp up- and down- 
stream intronic sequence (see Notes 1 and 2). 


2. Gel and PCR Clean-up kit. 


. Gateway? BP clonase enzyme mix (Thermo Fisher scientific, 


Carlsbad (CA), USA). 


. Gateway"LR clonase enzyme mix (Thermo Fisher scientific, 


Carlsbad (CA), USA). 


. Gateway” pDONR201 vector (Thermo Fisher scientific, Carls- 


bad (CA), USA). 


. A pCI-neo-based zebrafish-specific minigene splice assay desti- 


nation vector [9]. 


7. DH5a competent cells. 


10. 


ON Ui H4 WwW 


. LB agar plates: Dissolve 20 g NaCl, 20 g tryptone, and 10 g 


yeast extract into 750 ml water. Add 30 g agar and fill up to 1 1. 
Autoclave the medium and let it cool down to approximately 
55 °C. Add the appropriate antibiotics (100 pg/ml kanamycin 
or 100 pg/ml ampicillin) and pour the medium into 10 cm 
plates. Let the medium solidify and subsequently dry for 
approximately 10 min. Store the plates at 4 ^C until use. 


. LB medium: Dissolve 20 g NaCl, 20 g tryptone, and 10 g yeast 


extract into 750 ml water. Subsequently, fill up to 1 | total 
volume and autoclave the solution. LB medium can be stored 
at room temperature. Prior to use, add 100 pg/ml kanamycin 
or 100 pg/ml ampicillin. 


Plasmid DNA extraction kit. 


. High-fidelity DNA polymerase. 


. Forward and reverse primers for site-directed mutagenesis, 


containing the previously identified nucleotide substitution in 
the splice sites of interest (see Note 3). 


. DpnI restriction enzyme. 


. Zendo-1 cells (see Note 4). 
. L15 medium with r-glutamine (Sigma Aldrich, Saint Louis 


(MO), USA) (see Note 5). 


. Fetal calf serum. 

. Penicillin-streptomycin. 

. Isoleucine. 

. Phosphate-buffered saline (PBS) 10x: Dissolve 8.1 g NaCl 


(138 mM), 0.2 g KCI (2.7 mM), 1.15 g Na;2HPO,-2H;0 
(6.5 mM), and 0.2 g KH5PO, (1.5 mM) in 1 | water. Adjust 
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25 RNA Isolation 


26 cDNA Synthesis 


27 Polymerase 
Chain Reaction 


2.8 Agarose Gel 


Electrophoresis 


29 Donor Template 
Vector Design and 
Cloning 


2.10 Animals 


l. 


pH to 7.4 with HCl and autoclave the solution. Dilute ten 
times with water before use. PBS can be stored at room 
temperature. 


. Trypsin 1:250. Dissolve 2.5 g trypsin in 100 ml 10x PBS and 


900 ml water. Sterilize by filtration. 


. Opti- MEM (Thermo Fisher Scientific, Carlsbad (CA), USA). 


. Liposome-based transfection reagent. 


RNA isolation kit. 


. Reverse transcriptase. 
. Random Hexamers (50 pM) (Thermo Fisher scientific, Carls- 


bad (CA), USA). 


. RNaseOUT™ Recombinant Ribonuclease Inhibitor (Thermo 


Fisher scientific, Carlsbad (CA), USA). 


. High-fidelity DNA polymerase. 


2. dNTP mixture (10 mM each). 


. Target-specific forward and reverse primer (see Note 6). 


. Agarose-gel: Add 150 ml 0.5x TBE buffer to 1.5 g of agarose, 


and boil the solution until the agarose is completely dissolved. 
Cool down to approximately 60 °C before adding ethidium 
bromide to a final concentration of 0.3 pg/ml. Pour the gel 
into a gel-tray and let it solidify at room temperature (see Note 


7). 


. Forward and reverse primers spanning the human sequence 


containing the (pseudo)exon of interest flanked by >500 bp 
up- and downstream intronic sequences. 


. Forward and reverse primers for the amplification of zebrafish- 


specific homology arms (-900 bp) used for the homologous 
recombination reaction in zebrafish. Use the GeneArt™ Primer 
and Construct Design Tool (https://www.thermofisher.com/ 
order/oligoDesigner/type2s) to design primers compatible 
with GeneArt^ Type Is Assembly Kit. The forward primer of 
the left homology arm and the reverse primer of the right 
homology arm should contain the sgRNA target site (see 
Note 8). 


. Gel and PCR Clean-up kit. 


4. GeneArt? Seamless Cloning and Assembly Kit (Thermo Fisher 


Scientific, Waltham, MA, USA). 


. Tüpfel long fin (TL) zebrafish. 
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211 CRISPR/Cas9 
Injections 


212 Genotyping 
Materials 


213 Quantitative RT- 
PCR 


. Glass microcapillaries. 


2. Micropipette puller. 


. Microinjection plate: Add 80 ml demineralized water to 0.8 g 


of agarose MP and boil the solution until the agarose is 
completely dissolved. Cool down to approximately 60 °C 
before pouring the gel into a dish. Cast the gel with a plastic 
mold that produces six 1.5-mm-wide trenches [10]. Let the gel 
solidify at room temperature. 


. Alt-R® S.p. Cas9 Nuclease V3 (Integrated DNA Technologies, 


Coralville (IA), USA). 


. Potassium chloride. 


6. Phenol red. 


10. 
11. 


. Pneumatic PicoPump pv820 (World Precision Instruments, 


Sarasota (FL), USA) with foot pedal or similar. 


. Stereo microscope with 10—40x magnification. 


. Micromaster Microscope Stage Micrometer 1 mm (Thermo 


Fisher Scientific, Waltham, MA, USA). 
Mineral oil. 


E3 embryo medium (5 mM NaCl, 0.17 mM KCI, 0.33 mM 
CaCh, 0.33 mM MgSO,) supplemented with 0.1% methyle- 
ne blue: Dissolve 34.8 g NaCl, 1.6 g KCl, 5.8 g CaCl), and 
9.78 g MgCl, in 2 1 of demineralized water to prepare a 60x 
stock. Autoclave the 60x stock. To prepare 1x E3 medium, 
dilute 16.5 ml of the 60x stock to 1 1. Add 100 yl of 1% 
methylene blue. 


. Zebrafish aquarium and spawning cages. 


. Lysis buffer (40 mM NaOH and 0.2 mM EDTA in ultrapure 


water). 


. 2-Phenoxyethanol. 
. 1 M Tris-HCI! (pH 7.5). 
. Scissors and forceps. 


. PCR components. 


. Forward and reverse primers for the specific amplification of 


fragments with or without the human (pseudo)exon of inter- 
est, spanning about 100 bp of expected cDNA sequence (see 
Note 9). 


. gBlocks" Gene Fragments of the PCR targets (Integrated 


DNA Technologies, IA, USA). 


. Taq polymerase mix. 
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3 Methods 


3.1 Splice Site 
Optimization 


3.2 Generation of an 
Engineered Zebrafish- 
Specific Minigene 
Splice Vector 


l. 


. The in silico “Berkeley Drosophila Genome Project" splice-site 


prediction tool (www.fruitfly.org/seq. tools/splice.html) can 
be used to analyze the strength of splice acceptor and donor 
sites, using standard settings (see Note 10). Paste the nucleo- 
tide sequence of interest in FASTA format, starting the title line 
with “>.” Use the submit button to see the resulting splice site 
prediction scores (see Note 11). 


. Compare the human splice acceptor and splice donor 


sequences of interest with the human and zebrafish splice-site 
consensus sequences [11] (Fig. 1a, b). Identify positions in the 
human splice acceptor and donor sequences of interest that are 
markedly different from the zebrafish consensus splice acceptor 
and donor sequences. 


. Adapt the human splice sites for increased recognition by the 


zebrafish splicing machinery by substituting nucleotides at the 
above identified positions in silico (see Note 12). 


. Analyze the in silico effect of the splice site adaptation(s) using 


the *Berkeley Drosophila Genome Project" splice-site predic- 
tion tool (Fig. 1b). 


Perform a PCR using primers that contain Gateway^-attB tails 
to generate a Gateway” cloning-compatible PCR amplicon 
containing the (pseudo)exon of interest flanked by >500 bp 
up- and downstream intronic sequences (see Notes 1, 2, and 
13). Analyze the PCR products on an agarose gel. Extract and 
purify the PCR products by using a Gel and PCR Clean-up kit. 


. Perform a Gateway? BP-recombination reaction to generate an 


entry clone containing the purified PCR product. Mix 2 ul of 
the BP clonase buffer, together with 150 ng pDONR201 
vector, 1 ul of the recovered PCR product (~15-150 ng), 4 ul 
low TE buffer and 2 yl Gateway" BP clonase enzyme mix. 
Incubate the reaction at 25 °C for 2 h (see Note 14). 


. Terminate the Gateway? BP-cloning reaction by adding 1 pl of 


the Proteinase K solution (2 pg). Vortex briefly. Incubate sam- 
ple at 37 °C for 10 min. 


. Transform 2.5 ul ofthe BP reaction into DH5a competent cells 


according to the manufacturer's instructions, and plate 200 pl 
on LB agar plates that contain 100 pg/ml kanamycin as a 
selection marker for the pDONR201 vector. Incubate over- 
night at 37 °C (see Note 15). 


. Inoculate single colonies and culture them overnight in liquid 


LB medium supplemented with 100 pg/ml kanamycin (see 
Note 16). 
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A splice donor site 


h.s. USH2A intron 40 (1.0): *c.7595-2144A>G 


B splice acceptor site 20] -19] -18| -17] -16]-15]-14]-13]-12]-11]-s0] 9] | 7] 4] 5s] 4] a] 2ela]a] 3 


h.s. USH2A intron 40 (<0.1): 
M1 (0.96): 


exon3 exon4 exon5 


opnisw2 | opnisw2 | opnisw2 opnisw2 opnísw2| opníisw2 
exon5 exon3 USHZA PE40 exon4 exon5 


(830 bp) (482 bp) 


D PE40 PE40 + M1 
wt mut wt mut untr. PCR(- 


« PE40 inclusion 
4 PE40 exclusion 


opnisw2 (exon 3 > 5) 


Fig. 1 Optimization of human USH2A PE40 splice acceptor site for improved recognition by the zebrafish 
splicing machinery. (a) The nucleotide distribution of the splice donor site found in man (Hs) and zebrafish (Dr). 
The PE40 splice donor sequence is presented under the splice donor sites with the c.7595-2144A > G 
mutation, indicated by an asterisk. (b) Similar as in (a), the PE40 splice acceptor sequence is presented under 
the consensus splice acceptor sites as used in human (Hs) and zebrafish (Dr). Based on comparisons, the M1 
site was selected for optimization, predicted to result in a stronger PE40 splice acceptor site. The predicted 
strength of the splice acceptor site is indicated in brackets. (c) A zebrafish-specific minigene splice assay 
containing the human USH2A PE40 with flanking sequences was generated. The plasmids, either containing 
the c.7595-2144A > G mutation (mut) or not (wt), further contained M1 (indicated by vertical arrow). (d) The 
effect of the introduction of M1 on recognition of human USH2A PE40 after expression in zebrafish cells 
(Zendo-1) determined by RT-PCR. untr.: untransfected cells, PCR(—): negative template PCR control. (Repro- 
duced from Slijkerman et al. [9], with permission from Mary Ann Liebert, Inc.) 


6. Extract plasmid DNA from the bacterial cultures using a Plas- 
mid DNA extraction kit. 
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3.3 Validation of the 
Optimized Splice Site 
Using an Engineered 
Zebrafish-Specific 
Minigene Splice Assay 


Ix 
8. 


12. 


13. 


l. 


2. 


3. 


Validate the extracted plasmids by Sanger sequencing. 


Perform mutagenesis PCR to introduce the previously identi- 
fied nucleotide substitution in the splice sites of interest. Typi- 
cally, one PCR (50 pl) contains dNTPs (final concentration of 
0.2 mM for each nucleotide), forward and reverse primers 
containing the nucleotide substitution in the splice site of 
interest (final concentration of 0.2 mM for each primer), 1 pl 
(25-50 ng) entry clone, 0.5 pl (1 unit) high-fidelity DNA 
polymerase, and 10 pl 5x reaction buffer. Cycling condition- 
s are: 95 °C for 5 min, followed by 15 cycles with 95 °C for 
30 s, “Tm” °C for 1 min and 68 °C for 6 min. The “Tm” 
temperature depends on the primers used and should be opti- 
mized on beforehand. The reaction is finalized by a 5-min 
incubation step at 68 °C after which the reaction is cooled 
down to 16 °C until further processing. 


. Analyze the PCR products on an agarose gel. 
. Digest the PCR product with DpnI (see Note 17). 
ll. 


Repeat steps 4—7 in order to obtain the entry clone with 
optimized splice site (see Note 18). 


Perform a Gateway” LR-recombination reaction to generate a 
pCI-neo-based zebrafish-specific minigene splice vector. Mix 
2 pl LR clonase buffer with 150 ng of the entry clone, 150 ng 
pCI-neo-opn Isw2 exon3-5 destination vector, 2 pl Gateway” 
LR clonase enzyme mix and low TE buffer to a final volume of 
10 pl. Incubate the reaction at 25 °C for 2 h (see Note 14). 


Repeat steps 3-7, using ampicillin instead of kanamycin, in 
order to obtain the desired zebrafish-specific pCI-neo-based 
minigene splice vector (Fig. lc). 


Culture Zendo-1 cells at 28 °C. Passage them twice a week in a 
1:4 dilution using trypsin (see Notes 4, 5, and 19). 


Seed 1.0 x 10° cells/well into a six-well plate 1 day before 
transfection (see Note 20). 


Transfect zebrafish-specific pClI-neo-based minigene splice 
vector into the Zendo-1 cells. Prepare a Lipofectamine” 2000 
(5 pl)/Opti-MEM (250 pl) mixture and a DNA vector (1 pg)/ 
Opti-MEM (250 pl) mixture. Incubate both mixtures at room 
temperature for 5 min before adding them together. Incubate 
the combined mixture at room temperature for 10 min before 
adding them drop-wise to the cells (see Note 21). 


. Remove the culture medium 4-6 h after transfection and add 


fresh L15 medium to the cells. 


. Approximately 48 h after transfection, wash the cell with PBS 


and collect them by using a cell scraper. Centrifuge the cells at 
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3.4 Guide RNA 
Design for CRISPR/ 
Cas9 Injection 


234 x gfor 5 min. Isolate total RNA using a RNA isolation kit, 
according to manufacturer’s instructions. 


. Use 100 ng to 1 pg of total RNA for cDNA synthesis using 


Reverse Transcriptase. Prepare a tube for primer annealing and 
combine 100 ng total RNA, 1 pl random hexamers (50 pM), 
1 pl dNTP mix (10 mM) and fill up till 13 pl with nuclease-free 
water. Incubate the mixture at 65 °C for 5 min before placing it 
on ice for at least 1 min. Prepare in a second tube a mixture 
consisting of 4 ul 5x SSIV buffer, 1 ul 100 mM DTT, 1 pl 
RNaseOUT™ Recombinant Ribonuclease Inhibitor and 1 pl 
Reverse Transcriptase (200 U/pl). Add the mixture to the 
annealed primers and incubate the complete reaction mixture 
at 23 °C for 10 min, 55 °C for 50 min and 80 °C for 10 min. 


. Depending on the RNA input, the cDNA product generated 


after the reverse transcriptase reaction can be diluted up to 20x 
to serve as a template in a PCR. Typically, one PCR (25 ul) 
contains dNTPs (final concentration of 0.2 mM for each nucle- 
otide), forward and reverse primers (final concentration of 
0.2 mM for each primer), 0.5-1 pl (25-50 ng) cDNA, 
0.25 pl (0.5 units) DNA polymerase, and 5 pl 5x reaction 
buffer. Cycling conditions are: 98 °C for 1 min, followed by 
30 cycles with 98 °C for 20 s, “Tm” °C for 20 s and 72 °C for 
l min. The “Tm” temperature depends on the primers used 
and should be optimized on beforehand. The reaction is fina- 
lized by a 5-min incubation step at 72 °C after which the 
reaction is cooled down to 16 °C until further processing. 


8. Analyze the PCR products on an agarose gel. RI-qPCR is 


recommended when quantification of transcripts is desired to 
determine the effect of the optimized splice sites. Figure 1d 
shows the improved recognition of the human PE40 exon in 
zebrafish after the introduction of the M1 variant in the splice 
acceptor site. 


. Determine the landing site of a given human (pseudo)exon 


within (the appropriate intronic region of) the corresponding 
zebrafish gene by using a sequence assembly tool (https:// 
genome.ucsc.edu/cgi-bin/hgBlat?command=start). The zeb- 
rafish sequence with the highest homology will be exchanged 
for the human target sequence. 


. The online webtool CHOPCHOP (https://chopchop.cbu. 


uib.no/) can be used to identify candidate Cas9 target sites 
within the identified zebrafish genomic region of interest and 
to design corresponding guide RNAs, using standard settings. 
Select “Paste target” and paste the sequence of interest in 
FASTA format. Use the “Find Target Sites!” button to predict 
the Cas9 target sites in your sequence of interest (see Note 22). 
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3.5 Generation of 
Donor Template for 
CRISPR/Cas9-Induced 
Homology Directed 
DNA Repair 


3.6 Generation of the 
Humanized Zebrafish 
Line 


1 


. Select and order the custom guide RNA with no predicted off 


target binding to other genomic regions (see Note 23). 


. Amplify the human (pseudo)exon of interest with optimized 


splice sites and surrounding sequences (see Note 24). Extract 
and purify the amplified PCR product from an agarose gel 
using a Gel and PCR Clean-up kit. 


. Design and amplify the left and right homology arm using 


zebrafish genomic DNA as a template. Homology arms of 
~900 bp flanking the target region have shown to be very 
effective [9, 12]. Extract and purify the PCR products from 
an agarose gel using a Gel and PCR Clean-up kit. 


. Make use of the GeneArt? Seamless Cloning and Assembly Kit 


to combine the in steps 1 and 2 amplified PCR products with 
the supplied linearized pUC19L vector in order to generate a 
donor template construct containing the human sequence with 
optimized splice sites flanked by two zebrafish homology arms 
and sgRNA target sites. 


. Transform 2.5 yl of the GeneArt? assembly reaction into 


DH5a competent cells and plate 200 pl on LB agar plates 
that contain 100 pg/ml ampicillin as a selection marker for 
the pUCI? vector. Incubate overnight at 37 °C (see Note 15). 


. Inoculate single colonies and culture them overnight in liquid 


LB medium supplemented with 100 pg/ml ampicillin (see 
Note 16). 


. Extract plasmid DNA from the bacterial cultures using a DNA 


extraction kit followed by a phenol/chloroform/isoamyl (25: 
24:1) extraction and ethanol precipitation. 


. Sanger sequencing verification of the donor template 


construct. 


. Use a micropipette puller to prepare glass injection needles 


from microcapillaries (see Note 25). 


. Prepare a microinjection plate by casting a 1% agarose gel using 


a plastic mold that produces six 1.5-mm-wide trenches (see 
Note 26). 


. Prepare the injection mixture by combining Cas9 protein 


(800 ng/pl), sgRNA (100 ng/pgl) potassium chloride 
(0.8 M), phenol red (0.1%), and donor template DNA 
(25 pg) (see Note 27). Incubate injection mixture at 37 ^C 
for 5 min prior to injections (see Note 28). 


. Perform injections by using a Pneumatic Picopump pv280 


microinjector, a pipette holder, a foot pedal, and a stereoscope 
or similar (see Note 29) (see Note 30). Load the injection 
needle with injection mixture and calibrate the needle by 
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3.7 Genotyping After 
Fin Clipping 


l. 


adjusting the pressure and time settings of the microinjector 
until the injection volume is 1 nl (see Note 31). 


. Align single-cell-staged fertilized eggs in the trenches of the 


microinjection plate. 


. Inject embryos by piercing the cell membrane with the injec- 


tion needle. Press the foot pedal to inject 1 nl of the injection 
mixture into the cell. 


. Transfer embryos to a new dish containing fresh E3 medium 


after injection and raise them at 28 °C. Refresh E3 medium on 
a daily basis and remove dead embryos (see Note 32). 


. At 5 dpf, transfer the embryos from the dish to a tank in the 


zebrafish aquarium and raise them for 3 months. At 3 months 
post-fertilization the injected fish (FO generation) are sexually 
mature and can be crossed [13]. The offspring of these FO fish 
can be sacrificed for germline transmission analysis of the antici- 
pated recombination event. When positive, F1 of the germline- 
positive founder fish can be raised for 3 months, and genotyped 
to identify heterozygous knock-in animals. 


Prepare for each adult fish one PCR tube containing 75 pl of 
lysis buffer and one single box containing 1 | of fresh water. 


. Prepare an anesthetic by mixing 250 pl 2-phenoxyethanol with 


500 ml water in a beaker. 


. Anesthetize adult zebrafish by putting them in the 


2-phenoxyethanol solution for 1-2 min. 


. Manually pick up the anesthetized fish and use scissors to cut a 


small piece of the caudal fin. Quickly put the fish back into a 
single box with fresh water. Put the fin in a properly labeled 
PCR tube using clean forceps. Make sure that both the single 
box and the PCR tube are labeled with the same number (see 
Notes 33 and 34). 


. Incubate the PCR tubes at 95 °C for 20 min (see Note 35). 


6. Add 7.5 pl (10%) 1 M Tris-HCl (pH 7.5) to the lysate (see 


Note 36). 


. Dilute the lysate ten times with sterile water and use it directly 


as a template in a PCR. Typically, one PCR (25 pl) contains 
dN'ITs (final concentration of 0.2 mM for each nucleotide), 
forward and reverse primers (final concentration of 0.2 mM for 
each primer), 1 pl lysate, 0.25 pl (0.5 units) DNA polymerase, 
and 5 pl 5x reaction buffer. Cycling conditions are: 98 °C for 
2 min, followed by 30 cycles with 98 °C for 20 s, “Tm” °C for 
20 s, and 72 °C for 1 min. The “Tm” temperature depends on 
the primers used and should be optimized on beforehand. The 
reaction is finalized by a 5-min incubation step at 72 °C after 
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3.8 Visualization of 
Human (Pseudo)Exon 
Inclusion in Zebrafish 


3.9 Quantification of 
Human (Pseudo)Exon 
Inclusion Using 
Quantitative RT-PCR 
(RT-qPCR) 


8. 


1 


2. 


which the reaction is cooled down to 16 ?C until further 
processing. 


Analyze the PCR products on an agarose gel. Confirm the 
presence or absence of the (pseudo)exon by Sanger 
sequencing. 


. Snap freeze 5 dpf larvae in liquid nitrogen and isolate total 


RNA using an RNA isolation kit. 


Synthesize cDNA using Reverse Transcriptase. Prepare a tube 
for primer annealing and combine 100 ng total RNA, 1 pl 
random hexamers (50 pM), 1 pl dNTP mix (10 mM) and fill 
up till 13 ul with nuclease-free water. Incubate the mixture at 
65 °C for 5 min before placing it on ice for at least 1 min. 
Prepare in a second tube a mixture consisting of 4 ul 5x SSIV 
buffer, 1 pl 100 mM DTT, 1 pl RNaseOUT?M Recombinant 
Ribonuclease Inhibitor, and 1 pl Reverse Transcriptase 
(200 U/pl). Add the mixture to the annealed primers and 
incubate the complete reaction mixture at 23 °C for 10 min, 
55 °C for 50 min, and 80 °C for 10 min. 


. Dilute your synthesized cDNA 2-10 x (depending on gene 


expression levels) and use it as a template for PCR amplifica- 
tion. Typically, one PCR (20 pl) contains dNTPs (final concen- 
tration of 0.2 mM for each nucleotide), forward and reverse 
primers (final concentration of 0.2 mM for each primer), 1 pl 
2-10x diluted cDNA, 0.25 pl (0.5 units) DNA polymerase, 
and 4 pl 5x reaction buffer (see Note 6). Cycling condition- 
s are: 98 °C for 2 min, followed by 35 cycles with 98 °C for 
15 s, “Im” °C for 20 s, and 72 °C for 45 s. The “Tm” 
temperature depends on the primers used and should be opti- 
mized on beforehand. The reaction is finalized by a 5-min 
incubation step at 72 °C after which the reaction is cooled 
down to 16 °C until further processing. 


4. Visualize human (pseudo)exon inclusion by analyzing the 


l. 


amplified PCR products on an agarose gel. Figure 2a shows 
an example of increased in vivo recognition of the (pseudo)- 
exon after optimization of the splice site. 


Order two gBlocks® Gene Fragments, one for each of the 
RT-qPCR amplicons (see Note 37). These synthetic oligonu- 
cleotides can be used to generate a standard curve of known 
copy numbers for each amplicon. Dissolve the gBlocks? Gene 
Fragments and prepare a stock solution containing 107 copies 
per ul (see Note 38). Generate a 1:1 serial dilution series of the 
gBlock? stock solution in cDNA of an unrelated species (see 
Note 39). 
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Fig. 2 Human USHZA PE40 incorporation in zebrafish ush2a transcripts. (a) The 


«ush2a containing PE40 


«ush2a wildtype 


«beta actin 


ND 


wildtype 
level of human USH2A PE40 


incorporation into the zebrafish ush2a transcript is analyzed by RT-PCR using cDNA derived from ush2- 


ga + M1/PE40 + MI ush2. EADEM ush2 anhum: and wild-type larvae (5dpf) 


. Beta actin amplification is 


shown as loading control (lower panel). (b) Quantitative RT-PCR analyses to determine the absolute number of 
PE40-containing ush2a transcripts in ush2a^*4? + M1PE40 + MT (jp 4PE40/PE40 ushoahemhum and wild-type 


larvae (5dpf). Data are expressed as percentage of PE40-inclusion (mean 4 


- SD). Two-tailed unpaired 


Student's t-test revealed significant differences between groups (p = 0.0001). ND not detectable 


2. Perform a RT-qPCR with a primer pair designed to specifically 
amplify the exon-inclusion amplicon and a RT-qPCR with a 
primer pair designed to specifically amplify the exon-exclusion 
amplicon on the serial gBlocks? dilution and on the zebrafish 
cDNA samples (see Note 9). Amplify all amplicons in duplicate. 


3. Analyze the RT-qPCR data by plotting a standard curve of the 
log values of the copy numbers of the gBlock dilutions against 
the mean cycle quantification value (Ct or Cq) measured for 


each gBlock dilution (see Note 40). 


Based on the standard 


curve, calculate for each cDNA sample, the transcript number 
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4 Notes 


of the exon-inclusion amplicon and of the exon-exclusion 
amplicon. The amount of product expected from splice site 
optimization can be calculated as percentage of total ush2a 
transcripts (Fig. 2b). The latter can be calculated as the sum 
of wild-type product and product expected from splice site 
optimization (see Note 41). 


. Design a forward and reverse primer to generate the amplicon 


with the sequence of interest. Add a Gateway®-compatible 
attBl tail to the forward primer (5'- GGGGACAAGTTTGTA 
CAAAAAAGCAGGCT-XXX-3’) and attB2 tail to the reverse 
primer (5'- GGGGACCACTTTGTACAAGAAAGCTGGGT - 
YYY-3^). XXX indicates the forward primer sequence and YYY 
indicates the reverse primer sequence from 5' to 3'. 


. The advised maximum fragment size for Gateway cloning reac- 


tions is 8 kb. 


. Typically, mutagenesis primers have a length of 25—45 nucleo- 


tides with the anticipated mutation in the center. The melting 
temperature (Tm) must be 778 °C and a G or C base at the 3’ 
end of each primer is favored, due to the higher stability of GC 
base pairs (three hydrogen bonds) as compared to AT base pairs 
(two hydrogen bonds). 


. Use a zebrafish-specific cell line that does not endogenously 


express the gene of interest (in this case opn1sw2). Endogenous 
expression of the gene of interest can interfere with the analysis 
of the effect of the mutation on splicing. A detailed protocol for 
the generation of your own zebrafish-specific cell line is 
described by Choorapoikayil et al. [14]. 


. Culture Zendo-1 cells at 28 °C in L15 medium supplemented 


with 15% v/v FCS, 1% v/v penicillin/streptomycin and 
250 mg/l isoleucine (final concentration in the medium). All 
cell culture reagents should be pre-warmed to the same tem- 
perature as at which the cells are cultured. 


. The total PCR amplicon length should be chosen in such a way 


that splice redirection results in a markedly different-sized PCR 
product that can be readily distinguished after agarose gel 
electrophoresis. The inclusion of multiple flanking exons in 
the minigene splice assay is ofimportance since sequence altera- 
tions can not only influence the in- and exclusion of the tar- 
geted (pseudo)exon but also induce the in- and exclusion of 
flanking exons [15]. 


Generation of Humanized Zebrafish Models for the In Vivo Assessment of. . . 295 


7. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


Casted agarose gels can be stored at 4 °C for up to 1 month 
when properly sealed in order to prevent them from 
drying out. 


. Adding the sgRNA target site to your donor template was 


found to increase the desired knock-in event up to 20-fold 
compared to using a donor template vector without those 
sites [12]. Note that the introduced sgRNA target site should 
include a canonical PAM site. 


. To specifically amplify transcripts without the target exon, one 


of the primers must span the exon-exon boundary of the 
surrounding exons. For the detection of the exon-inclusion 
transcript, one of the primers must reside within the target 
exon. Alternatively, custom TaqMan® assays (Thermo Fisher 
scientific, Carlsbad (CA), USA) can be designed for each 
transcript. 


The strength of a splice site is conditioned to many different 
factors, like splice site sequence, the strength of competing 
splice sites, the relative positions of splice sites, and the pres- 
ence of tissue-specific trans-acting factors [16]. The in silico 
calculated strength is therefore stochastic. 


Splice site prediction scores can range from 0 (extremely weak) 
to 1.0 (extremely strong). Optimize a given splice donor or 
acceptor site to reach a prediction score as close as possible to 
1.0. Keep in mind not to alter the sequence of potential anti- 
sense oligonucleotide binding sites. 


Avoid (pseudo)exonic nucleotide substitutions, since those 
substitutions can result in changes in the encoded amino 
acids and can potentially affect AON binding sites. 

Use a high-fidelity DNA polymerase (e.g., Q5? High-Fidelity 
DNA Polymerase). High-fidelity DNA polymerases couple low 
misincorporation rates with proofreading activity, resulting in 
near-perfect replication of the target DNA and thereby efficient 
cloning of the plasmids. 


We have experienced that extending the incubation time at 
25 °C from 2 h to overnight greatly improves the recombina- 
tion efficiency for difficult cloning reactions (e.g., larger frag- 
ments to be cloned). 


In case no transformants are obtained using DH5a competent 
cells, one can consider the use of competent cells with a higher 
transformation efficiency (e.g., TOP10 competent cells). 


As a rule of thumb, we generally analyze three clones per 
reaction. 


DpnI cleaves only methylated recognition sites. It will there- 
fore only cleave the bacterial template DNA and not the ampli- 
fied DNA. 
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18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


Skip steps 8-11 to obtain the splice vector without optimized 
splice sites. Depending on the predicted strengths of the splice 
sites, it can be useful to first investigate pre-mRNA splicing in a 
construct without splice site optimization. 


We culture Zendo-1 cells at 28 °C since they are derived from 
zebrafish which thrive at an ambient temperature of 28 °C. 


Seeding density depends on the type of zebrafish-derived cells 
that are used. Seed cells to be 70-90% confluent at the time of 
transfection. 


The two-step dilution method results in higher quality data 
and generates more reproducible results compared to adding 
the lipid directly to the diluted DNA. The 10-min pre-incuba- 
tion stimulates the formation of micelles containing plasmid 
DNA prior to transfection, resulting in the highest transfection 
efficiency. 


The requirement of an NGG PAM site at the target sequence 
can limit applications of frequently used Cas9 from Streptococ- 
cus pyogenes. Depending on the target region, other 
RNA-guided endonucleases can be used, each targeting a 
unique PAM sequence [17]. 


Single guide RNAs can also be produced manually according to 
the protocol published by Gagnon et al. [18]. 


Also generate a donor template construct without optimiza- 
tion of the splice sites. This construct can be used as a control 
to analyze the effect of the splice site optimization. 
Micropipette puller programs for preparation of injection nee- 
dles differ between machines and installed heating filaments 
and should be experimentally optimized according to the 
device manual. 


Microinjection plates can be used multiple times upon storage 
at 4 °C for up to 1 month. 


Phenol red is added to the injection mixture as a tracer to show 
which embryo received a dose. 


Pre-incubation at 37 °C induces Cas9/sgRNA complex 
formation. 


The Pneumatic Picopump pv280 microinjector delivers precise 
volume through pressure pulses of air, which can be adjusted 
by the user. A foot pedal is connected to the injector and 
activates the pressure pulse for injection mix delivery. The 
pipette holder secures the pipette for use during the procedure 
and connects it to the airline of the injector. 


A micromanipulator can be used for micro-injections. It allows 
the researcher to make small and accurate adjustments to the 
pipette location. However, our experience suggests manual 
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4]. 


microinjection since it results in a higher injection speed and 
accuracy. 


To calculate the volume of a sphere, use the following formula: 
Volume of a sphere (cm?) = 4/3n1? (v in cm). A 1 nl sphere is 
1 x 10^? cm®. Define the radius of the sphere by using a 
calibration micrometer. 


To get an indication ofthe recombination efficiency, a selection 
of embryos (~15 embryos) can be sacrificed at 1 day post 
fertilization for genotyping purposes. Lyse and genotype the 
embryos individually as described in Subheading 3.8. 


Fish can be kept in single boxes for a maximum of 5 days 
without feeding and flow of fresh water, although guidelines 
and legislation concerning housing can differ between institu- 
tions. Consult your local institutional guidelines for the most 
accurate information. 


Check if all tails are immersed in the lysis buffer. 
Flick the PCR tubes to mix and disintegrate the tissue. 


Tris-HCl neutralizes the lysis buffer and stabilizes DNA, 
thereby supporting long-term storage. 


gBlocks® Gene Fragments are affordable and easy to obtain. 
Using gBlock fragments as DNA standards in a RT-qPCR assay 
decreases time, reagents, and costs of creating a standard 
curve [19]. 


Use the mass of the gBlocks fragments (provided by manufac- 
turer) to calculate the amount of DNA copies in the gBlock 
standard by using the following formula: weight per copy = (3t 
bp in gBlocks) x 617.5 g/mol/bp x (1 mol/6.02 x 10? 
molecules) | 19 ]. 


Diluting the gBlock in cDNA ofan unrelated species provides a 
cDNA context in which off-target binding of the primers is 
included in the RT-qPCR efficiency, without the presence of 
on-target transcripts. 


Adjust the gBlock dilution range if amplification of the used 
gBlock dilution series did result in amplification values outside 
of the qPCR detection range. 


A third primer pair and gBlock can be used to quantify the total 
number of transcripts by amplifying other exons of the 
transcript. 


The authors would like to thank Dr. Jeroen den Hertog for sharing 
his zebrafish cell line Zendo-1. The authors acknowledge the 
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Use of Small Animal Models for Duchenne and Parameters 
to Assess Efficiency upon Antisense Treatment 


Ngoc Lu-Nguyen, Alberto Malerba, and Linda Popplewell 


Abstract 


Duchenne muscular dystrophy (DMD) is a rare genetic disease affecting 1 in 5000 newborn boys. It is 
caused by mutations in the DMD gene with a consequent lack of dystrophin protein that leads to 
deterioration of myofibers and their replacement with fibro-adipogenic tissue. Using antisense oligonu- 
cleotides (AONs) to modify out-of-frame mutations in the DMD gene, named exon skipping, is currently 
considered among the most promising treatments for DMD patients. The development of this strategy is 
rapidly moving forward, and AONs designed to skip exons 51 and 53 have received accelerated approval in 
the USA. In preclinical setting, the mdx mouse model, carrying a point mutation in exon 23 of the murine 
Dma gene that prevents production of dystrophin protein, has emerged as a valuable tool, and it is widely 
used to study in vivo therapeutic approaches for DMD. Here we describe the methodology for intravenous 
delivery of AONSs targeting dystrophin through tail vein of mdx mice. Furthermore, the most relevant 
functional analyses to be performed in living mice, and the most informative histopathological and 
molecular assays to evaluate the effect of this treatment are detailed. 


Key words Antisense oligonucleotides, Duchenne muscular dystrophy, Dystrophin, Exon skipping, 
max 


1 Introduction 


Duchenne muscular dystrophy (DMD) is due to mutations on the 
DMD gene and the consequent loss of the dystrophin protein in 
skeletal and cardiac muscles [1]. The loss of dystrophin makes the 
muscle fibers extremely fragile and susceptible to cycles of tissue 
degeneration and regeneration causing depletion of muscle stem 
cells and massive deposition of fat/connective tissue finally leading 
to muscle weakness, respiratory insufficiency, and cardiac failure 
[2]. Mutations of the DMD gene often lead to the disruption of 
the reading frame. Exon skipping, based on the selective removal of 
exons flanking the out-of-frame mutations using antisense oligo- 
nucleotides (AONs), has been used to re-frame the mRNA tran- 
script to allow the expression of a partially functional Becker 


Virginia Arechavala-Gomeza and Alejandro Garanto (eds.), Antisense RNA Design, Delivery, and Analysis, Methods in Molecular 
Biology, vol. 2434, https://doi.org/10.1007/978-1-0716-2010-6 20, © The Editor(s) (if applicable) and The Author(s) 2022 
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2 Materials 


21 PMO and PMO 
Conjugate 


22 Animals 


2.3 Intravenous Tail 
Vein Injection 


muscular dystrophy (BMD)-like protein [3, 4]. To study this 
approach in vivo, AONs targeting exon 23 of the mouse Dmd 
gene have been tested by local and systemic delivery in sx mice, 
the most used animal model of DMD, from neonatal to very late 
(>15-month old) stages of development [5-8]. 

In this chapter, we focus on systemic intravenous administra- 
tion of AONs that allows their body-wide distribution. We provide 
a detailed description of intravenous infusion of AONs through the 
mouse tail vein. Phosphorodiamidate morpholino oligomers 
(PMOs) with or without the conjugation with a cell-penetrating 
peptide have been used for this approach [4-8]. We also list meth- 
ods for assessing the animal locomotor activities, forelimb strength, 
treadmill and wheel exercise, and in situ muscle physiology. Post- 
mortem protocols for RT-PCRs measuring the level of exon skip- 
ping for DMD exon 23, Western blot for quantifying the level of 
dystrophin protein, and immunofluorescence for evaluating muscle 
histology and the effect of the treatment on muscle size, muscle 
fibrosis, and myofiber cross-sectional area are additionally 
described. 


1. PMO-DMD inducing skipping of murine Dmd exon 23 (5'- 
GGCCAAACCTCGGCTTACCTGAAAT -3') is synthesized 
and conjugated to an arginine-rich cell-penetrating peptide 
(so-called B-peptide: RXRRBRRXRRBRXB) at the 3'-end of 
the PMO by Sarepta Therapeutics Inc. (see Note 1). 

2. BPMOs, as lyophilized powder, are kept at —20 °C. 


3. Resuspended BPMOs (at 10 mg/ml), in sterile ddH5O, are 
kept at 4 °C. 


1. All animal procedures are performed in accordance with the 
UK Animals (Scientific Procedures) Act, 1986. 


2. Máx (C57BL/10ScSn-Dmdmdx) and C57BL/10 mice are 
bred in an authorized animal facility and are maintained in a 
standard 12-h light/dark cycle with free access to food and 
water. Both mdx and C57BL/10 mice are also available from 
The Jackson laboratory (https://www.jax.org). 


1. BPMOS (as described in Subheading 2.1). 
2. 0.9% saline. 


3. BD Microfine Insulin 0.3-ml syringes with 30G needles 
attached. 


4. 7096 ethanol. 
5. ddH,O. 
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24 Postmortem 
Tissue Processing 


25 RNA Extraction 
and RT-PCR 


. Heat chamber (set at 40 °C). 
. Mouse restrainer. 


. Clean cages with bedding, food, and water. 


. CO; chamber. 

. Liquid nitrogen (N3). 

. Isopentane, isopentane container. 

. 7096 ethanol. 

. Dissection tools (i.e., scalpels, scissors, tweezers, forceps). 


. Raymond lamb cork disc for cryostat use (20 mm x 3 mm), 


cork holder. 


. Optimal cutting temperature (OCT) embedding medium. 
. 1.5-ml tubes. 


. Scales to weigh mice and samples harvested. 


. RNeasy Fibrous Tissue kit (QIAgen). 

. Tungsten Carbide beads, 3 mm (QlAgen). 

. TissueLyser II (QIAgen). 

. ND-1000 NanoDrop spectrophotometer. 

. GoScript Reverse Transcription System. 

. GoTaq Polymerase. 

. Reverse transcription master mix: 2.5 mM MgCb, 0.5 mM 


dNTPs, 1x GoScript Reverse Transcription buffer, 8 units of 
GoScript Reverse Transcriptase, ddH5O up to 10 yl/reaction. 


. PCR master mix: 200 nM forward/reverse primer, 1.5 mM 


MgCl, 0.2 mM dNTPs, lx GoTaq buffer, 1.25 units of 
GoTaq Polymerase, ddH5O up to 21 pl/reaction. 


. Agarose. 
. 1x TAE buffer: 40 mM Trizma base, 20 mM glacial acetic acid, 


1 mM Na3EDTA, pH 7.6. 


. GeneTools Image Analysis software 4.02 (Syngene) or ImageJ 


(NIH, free download at https://imagej.nih.gov/ij/download. 
html). 


12. PCR primers, see below: 
Primer name Sequence (5'-3') 
mDmd SDY 20x21 (F) GTAAGGATGAAGTCAACAGATTG 
mDmd ASDY 25 (R) TCCCACTGAGTGTTAAGCTC 


mDmd ASDY 24 (R) GCCATCCATTTCTGTAAG 
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26 Prolein 
Extraction and 
Western Blot 


27 Immunohisto- 
chemistry Staining and 
Histological Analyses 


1 


non ek 0 N 


11. 


. Lysis buffer: 0.15 M NaCl, 0.05 M HEPES, 1% NP-40, 0.5% 


sodium deoxycholate, 0.1% sodium dodecyl sulfate, 0.01 M 
EDTA, protease inhibitor (Roche, 1 tablet/50 ml). Aliquot 
and store at —20 ?C. 


. Tungsten Carbide beads, 3 mm. 

. TissueLyser II. 

. DC Protein Assay. 

. NuPAGE 3-8% Tris-Acetate gels, Tris-Acetate running and 


transfer buffers. 


. HiMark Pre-stained Protein Ladder. 
. HyBond nitrocellulose membrane, 0.45 um pore size. 
. 1x Phosphate-buffered saline (PBS) solution: 137 mM NaCl, 


2.7 mM KCl, 4.3 mM Na5HPO,A, 1.47 mM KH5PO,4, pH 7.4. 


. Blocking buffer: 5% skimmed milk, 1x PBS, 0.2% Tween-20. 
. Washing buffer: 1x PBS, 0.1% Tween-20. 


. Primary antibodies: Mouse monoclonal anti-dystrophin 6C5 


(Novocastra Laboratories), rabbit anti-« tubulin (Abcam). 


. Secondary antibodies (LI-COR Biosciences): goat anti-mouse 


IRDye800, goat anti-rabbit IRDye680. 


. Odyssey Infrared Imaging System (LI-COR Biosciences). 


. OTF 5000 cryostat (Bright). 

. Superfrost® Plus microscopy slides, coverslips. 

. Dako (hydrophobic) pen. 

. 100% acetone, 100% ethanol, 100% xylene. 

. Ix PBS solution: 137 mM NaCl, 2.7 mM KCl, 4.3 mM 


Na,HPO4, 1.47 mM KH5PO,, pH 7.4. Store at room 
temperature. 


. 4% paraformaldehyde (PFA): dissolve 40 g PFA in 700 ml of 1x 


PBS at 60 °C. Top up with 260 ml dH3O to cool down 
solution. Add few drops of 5 M NaOH and adjust to pH 7.4. 
Aliquot and store at —20 °C. 


. 0.3% Picro sirius red: 0.3 g sirius red in 100 ml of saturated 


picric acid solution, filter through filter paper. 


. 0.5% acetic acid: 100% acetic acid diluted in tap water. 
. Mouse-On-Mouse (MOM ) Basic kit (Vector Laboratories). 
10. 


Blocking buffer: MOM blocking reagent (supplied with the 
MOM kit, 1 drop in 1.25 ml Ix PBS), 1% bovine serum 
albumin, 1% goat serum, 0.1% Triton X-100. 


Washing buffer: 1x PBS, 0.05% Tween-20. 
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3 Methods 


3.1 Intravenous Tail- 
Vein Injection (See 
Note 3) 


12 


13. 


14. 
15. 


16. 


17. 


18. 
19. 
20. 


1 


On FP o 


10 


. Primary antibodies: mouse monoclonal anti-dystrophin 6C5 


(Novocastra Laboratories), rabbit polyclonal anti-laminin 
(Abcam), rabbit polyclonal anti-collagen VI (Abcam). 


Secondary antibodies (Life Technologies): goat anti-mouse 
Alexa488 and goat anti-rabbit Alexa568. 


4',6-Diamidino-2-phenylindole (DAPI). 
0.1% p-Phenylenediamine (PPD) anti-bleaching solution: dis- 
solved in water, stored at —20 °C, and protected from light. 


Mowiol solution: stir 4.8 ml glycerol, 2.4 g Mowiol in 6 ml 
water for 2 h, at room temperature. Add 12 ml of 0.2 M Tris 
buffer pH 8.5, 0.02% sodium azide. Incubate solution in 
50-60 °C water bath for 10 min, stirring frequently. Centri- 
fuge at 5000 x g for 15 min. Collect supernatant, aliquot and 
store at —20 °C (see Note 2). 


Mounting solution: mix 1 part of 0.1% PPD solution with 
9 parts of Mowiol solution, maintain at room temperature, 
protect from light and use within a day. 


DPX mountant (Sigma Aldrich). 
Microscope (e.g., Axio Observer D1, ZEISS). 


Image acquisition and analysis software (e.g., ZEN software, 
Fiji—free downloaded at https://imagej.net/Fiji/ 
Downloads). 


. Dilute BPMO in sterile 0.9% saline at a desired concentration, 


immediately prior to injection, and keep on ice during the 
procedure. 


. Weigh mouse and calculate the dose of BPMO needed in a total 


volume of 200 ul/mouse. 


. Place mouse in a heat chamber for about 10 min. 
. Load BPMO solution into syringe, remove all air bubbles. 
. Transfer the mouse into a restrainer leaving the tail outside. 


. Hold the tail all the time to avoid the mouse withdrawing 


its tail. 


. Close the restrainer tightly so that the mouse can breathe but 


barely move back and forth (see Note 4). 


. Turn restrainer on its side, this will also turn the mouse on 


the side. 


. Wipe the tail with 70% ethanol. 


. Identify the lateral veins (the tail has one vein on each side). 
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3.2 Functional Tests 


3.3 Postmortem 
Tissue Processing 


11. 


12. 


13. 


Hold the tail on your left hand (for right-handed researchers). 
Hold the needle (with bevel up) on your right hand and inject 
BPMO. If injection fails, try few more times on that side prior 
to changing to the other side. 


Slowly remove the needle and apply gentle compression (with a 
thumb) until bleeding ceases. 


Place mouse into a clean cage. 


TREAT-NMD has provided exhaustive experimental protocols for 
DMD animal models (http://www.treat-nmd.eu/resources/ 
research-resources/dmd-sops/). Below are four functional tests 
we use to assess muscle function, usually 1 or 2 weeks before the 
experiment ends: 


l. 


Behavioral and locomotor measurements using open field ani- 
mal activity monitoring system (SOP ID No: 
DMD M 2.1.002). 


. Use of treadmill and wheel exercise to assess dystrophic state 


(SOP ID No.: DMD M .2.1.003). 


. Use of grip strength meter to assess the limb strength of mx 


mice (SOP ID No.: DMD M 2.2.001). 


. Measuring isometric force of isolated mouse skeletal muscles in 


situ (TREAT-NMD, SOP ID No.: DMD M 2.2.005). 


. Weigh mouse before sacrificing by CO, exposure and confirm 


the death by neck dislocation. 


. From each mouse, we usually collect heart, diaphragm, exten- 


sor digitorum longus, gastrocnemius, soleus, and tibialis 
anterior. 


. Tissues from one side of the body are frozen immediately in 


liquid N5 for RNA and protein extraction while tissues from 
the other side are embedded in OCT and subsequently frozen 
in liquid N5-cooled isopentane for cryo-sectioning (see Note 


5). 


4. All samples are kept at —80 °C until use. 


. If required, collect total blood by cardiac puncture into 1-ml 


syringe (see Note 6). Transfer the blood into an ice-cold 1.5-ml 
tube, keep on ice for at least 4 h or overnight prior to serum 
extraction: (1) centrifuge at 8000 x g for 10 min at 4 °C; 
(2) transfer supernatant to fresh tubes; (3) repeat centrifuga- 
tion; (4) collect the supernatant and store at —80 °C. 


Use of Small Animal Models for Duchenne and Parameters to Assess... 307 


3.4 RNA Extraction 
and RT-PCR 
Quantifying Exon 
Skipping Efficiency 


3.5 Protein 
Extraction and 
Western Blot 
Quantifying Dystrophin 
Expression 


l. 


10. 


ll. 


12. 


13. 


Place samples on ice immediately after taking them out of 
—80 °C freezer. 


. Add lysis buffer RLT provided with RNeasy Fibrous Tissue kit 


and wait until samples thawed down. 


. Disrupt and homogenize samples with 3 mm Tungsten Car- 


bide beads at 25 Hz for 2 x 2 min (see Note 7) on a 
TissueLyser II. 


. Follow manufacturer’s instructions to complete RNA extrac- 


tion process (see Note 8). 


. Quantify RNA concentration using a ND-1000 NanoDrop 


spectrophotometer. 


. Make first strand cDNA: 500-1000 ng RNA, 0.5 ug oligo dT, 


0.5 ug random primers, ddH5O up to 10 pl/reaction. Run 
program: 70 *C for 5 min, 4 ^C for at least 5 min. 


. Reverse Transcription: add 10 pl of the master mix into 10 pl of 


first strand cDNA. Run program: 25 °C for 5 min, 42 °C for 
1h, 70 °C for 15 min (see Note 9). 


. Mix 4 ul cDNA (made in step 7, equivalent to 100-200 ng 


cDNA) with 21 pl PCR master mix and run PCR programs as 
below. 


. First-round PCR program: 94 °C for 2 min, 30 cycles (94 °C 


for 1l min, 57 °C for 1 min, 72 °C for 1 min), 72 °C for 5 min, 
4 °C for infinity. 

Nested PCR program: 94 °C for 2 min, 30 cycles (94 °C for 
l min, 54°C for 1 min, 72 °C for 45 sec), 72 °C for 5 min, 4 °C 
for infinity. 


PCR products are loaded onto 2% agarose gels, with Hyper- 
LadderIV used as a size standard. Expected sizes: 577 bp 
(unskipped), 346 bp (skipped exon 23), 218 bp (skipped 
exons 22 + 23). 


Densitometric analysis of gel electrophoresis results can be 
done using GeneTools Image Analysis or Image] software. 


Evaluate the efficiency of dystrophin exon skipping as the 
percentage of the density of skipped products against the 
total density of unskipped and skipped products. 


. Place samples on ice immediately after taking them out of 


—80 ?C freezer. 


. Add lysis buffer (see Note 10) and wait until samples 


thawed down. 


. Disrupt and homogenize samples with 3 mm Tungsten Car- 


bide beads at 25 Hz for 2 x 2 min (see Note 7) on a 
TissueLyser II. 


. Centrifuge at 14,000 x g, 10 min, 4 °C. 
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3.6 Immunostaining 
for Dystrophin, 
Laminin, or Collagen 
Vi 


5. Transfer the supernatant to fresh pre-chilled 1.5-ml tubes. 
Repeat centrifugation if required. 


6. Quantify the total protein with DC Protein Assay following the 
manufacturer's instructions. 


7. Reduced protein samples (100—200 yg) are resolved on 
NuPAGE 3-8% Tris—Acetate gels with HiMark Pre-stained 
Protein Ladder used as a size standard. 


8. Run gelat 150 V for 1.5 h (or until the dye reaches the bottom 
of gel) in Tris-Acetate buffer and blot onto HyBond nitrocel- 
lulose membranes for 2 h at 30 V. 


9. Block in blocking buffer for 1 h, at room temperature, with 
gentle agitation. 


10. Primary antibody incubation for overnight at 4 ^C (with gentle 
agitation) with either mouse monoclonal anti-dystrophin 6C5 
(1:100) or rabbit anti-« tubulin (1:2500), diluted in blocking 
buffer (see Note 11). 


11. Wash for 3 x 5 min in washing buffer with gentle agitation. 


12. Secondary antibody incubation for 1 h at room temperature 
(with gentle agitation) with goat anti-mouse IRDye800 and 
goat anti-rabbit IRDye680 (1:10,000, diluted in blocking 
buffer), protect from light afterwards. 


13. Wash for 3 x 5 min in washing buffer with gentle agitation. 


14. Analyze on an Odyssey Infrared Imaging System (ImageJ soft- 
ware can be used alternatively). Expected size: 427 kDa for 
dystrophin and 50 kDa for a tubulin. 


15. The values of dystrophin intensity are normalized to the values 
of corresponding a-tubulin intensity and subsequently quanti- 
fied based on a standard curve of dystrophin (see Note 12). 


For histological analyses, muscles are sectioned and 
co-immunostained for dystrophin/laminin to assess the percentage 
of dystrophin positive fibers and the muscle cross sectional area or 
immunostained for collagen VI to assess the amount of muscle 
fibrosis. 


l. Section frozen tissue on an OTF 5000 cryostat at 10-pm 
thickness through the muscle length. Cutting temperature is 
between —24 and —20 °C. 


2. Collect transverse sections onto Superfrost^ Plus microscopy 
slides, keep at —80 °C for long-term storage (see Note 13) or 
proceed to immunostaining (as below). 


3. Air-dry samples for 15 min. 


4. Fix in ice-cold acetone for 10 min. 
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3.7 Picro Sirius Red 
Staining for Detecting 
Collagen | and lll 


5 


. Air-dry for 10 min. During this time, limit with a Dako (hydro- 


phobic) pen the area to be stained. 


. Rehydrate samples in 1x PBS for 2 x 2 min. 
. Use a Mouse-on- Mouse (MOM) Basic kit (see Note 14 for 


collagen VI staining) and block samples in blocking buffer for 
1 h, at room temperature (see Note 15). 


. Wash 3 x 5 min in washing buffer with gentle agitation. 


9. Incubate with MOM diluent buffer (supplied with the kit, 


10. 


11. 
12. 


13. 
14. 


15. 
16. 


17. 


80 ul reagent in 1 ml of 1x PBS) for 5 min, at room tempera- 
ture. Tap off excess. 


Incubate with mouse monoclonal anti-dystrophin 6C5 (1:50) 
and rabbit polyclonal anti-laminin (1:400) (or with rabbit 
polyclonal anti-collagen VI, 1:300), diluted in MOM diluent, 
for overnight, at 4 ^C. 

Wash 3 x 5 min in washing buffer with gentle agitation. 
Incubate with goat anti-mouse Alexa488 (1:500) and goat 
anti-rabbit Alexa568 (1:500), diluted in 1% goat serum, 1x 
PBS, 0.05% Tween-20, for 1 h, at room temperature. Protect 
from light afterwards. 

Wash 3 x 5 min in washing buffer with gentle agitation. 
Incubate with 1 pg/ml DAPI diluted in 1x PBS for 15 min, at 
room temperature. 

Rinse with 1x PBS. 


Add mounting solution (50-100 yl/slide) and cover with 
coverslips. 


Air-dry slides and store at 4 °C. 


Deposition of muscle fibrosis can also be assessed following staining 
with picro sirius red that stains collagen in red and cytoplasm in 
yellow: 


COON A 014 WHY — 


= 
© 


. Air-dry tissue sections for 15 min. 

. Fix in 4% PFA for 10 min. 

. Wash 2 x 5 min in tap water and hydrate in dH5O for 5 min. 
. Immerse in 100% ethanol for 5 min. 

. Air-dry completely for at least 20 min (see Note 16). 

. Stain with 0.3% picro sirius red for 1 h. 

. Rinse quickly in dH5O. 

. Fix staining in 0.5% acetic acid for 2 x 5 min. 

. Dehydrate in 100% ethanol for 3 x 5 min. 

. Clear in 100% xylene for 2 x 10 min. 


310 Ngoc Lu-Nguyen et al. 


11 

12. 
3.8 Histological l. 
Analyses 


4 Notes 


. Mount in DPX mountant and cover with coverslips. 


Air-dry slides and store at room temperature. 


Immunostainings are visualized under an inverted fluorescence 
Axio Observer D1 microscope and taken by an AxioCam MR3 
camera combined with ZEN imaging software (see Note 17). 


. Ideally a mosaic image of the whole muscle section is acquired 


by overlapping and stitching individual images of that section 
together. 


. For quantifying dystrophin expression: use ZEN software to 


score the mean intensity of dystrophin and subsequently nor- 
malize to the mean intensity of laminin of the same section. 


. For quantifying dystrophin-positive fiber numbers: use ImageJ, 


manually count the number of positive fibers, and evaluate as 
the percentage of the number of total fibers within the same 
image field that are positive with laminin staining (see Note 
18). 


. For quantifying the frequency distribution of fiber size: see 


TREAT-NMD, SOP ID No.: DMD M.1.2.001. 


. For quantifying the level of central nucleation: use ImageJ, 


manually count the number of fibers having centralized nuclei 
(as shown by DAPI staining) and evaluate as the percentage of 
the number of total fibers within the same image field that are 
positive with laminin staining. 


. For quantifying muscle fibrosis: use ZEN software to score the 


mean intensity of collagen VI and evaluate as the percentage of 
wild-type values obtained in the same way. For measuring the 
collagen area positive with collagen VI or sirius red staining: 
use Image] and select the area covered by the section. Then 
using the threshold function, highlight only the portion of the 
section positive for collagen staining and evaluate as the per- 
centage of the total area of the muscle cross-section (see Note 
19). 


. BPMOs have been used to describe these experiments; how- 


ever, other chemistries can be used if preferred (e.g., unconju- 
gated PMO, vivo-PMO by Genetools, 20MePS, etc.). 


. Mowiol may not be dissolved completely, but the pellet must 


be colorless. After centrifugation, collect and aliquot the super- 
natant and store at —20 ^C until use. Do not disturb the pellet. 


. Four to 6 weeks after in vivo delivery, the efficacy of the AONs 


reaches a plateau. Intravenous injections can be repeated 
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11. 


12. 


13. 


14. 


weekly for several weeks to boost the antisense efficacy and 
make a more robust exon skipping. 


. In case the mouse is particularly weak or very old, a general 


anesthesia may be preferable to avoid the mouse feeling too 
distressed by the procedure. In this case, in addition to the 
standard materials you will need: anesthesia chamber, isoflur- 
ane, isoabsorber, 100% oxygen, heat pads. Place mouse into an 
anesthesia chamber and induce with 5% isoflurane in 100% O5 
until the animal goes into deep anesthesia (heart beats slowly 
and regularly). Transfer the mouse onto a heat pad, with anes- 
thesia maintained at approximately 2.5% isoflurane in 100% O2. 
The animal is ready for injection following loss of pedal with- 
drawal reflex and eye-blink reflex. Monitor the state of anes- 
thesia throughout the procedure. Turn the mouse on the side, 
identify the tail vein, and proceed with the injection. 


. Cover samples on cork discs with silver foil before immersing in 


liquid N5 for additional tissue protection. 


. The volume of total blood depends on how quickly you reach 


this stage after the animal dies (also depends on animal strain); 
we usually get 200—600 pl/mouse. 


. Homogenization can be extended to maximum 10 min if 


required. 


. All centrifuge steps are performed at 8000 x g. 
. Store cDNA at —20 °C, if can't proceed to PCR. 
10. 


Recommended volume for diaphragm, heart, tibialis anterior 
(25-30 mg): 200-300 pl; for gastrocnemius (70-90 mg): 
300-400 pl; for extensor digitorum longus or soleus: 
50-100 pl. 


To avoid cross-reactivity, cut the membrane between the 
fourth and fifth bands (counted from top to bottom) equiva- 
lent to 117 and 71 kDa bands. Incubate top segment with 
mouse anti-dystrophin and bottom segment with rabbit anti-o 
tubulin. 


For dystrophin standard curve, different protein amounts 
extracted from C57 mice are mixed with those from mdx 
mice (muscle type-matched) such that in each 100-200 pg 
protein mixture there is 100, 75, 50, 25, 0% of C57 
dystrophin. 

Transverse sections can be maintained at room temperature 
during sectioning for few hours but must be stored at 
—80 °C afterwards. 

The MOM kit is not strictly needed in case of Collagen VI 


staining. In this case, a blocking with 5% skimmed milk in 1x 
PBS, 0.05% Tween-20 is sufficient. Similarly, 2.5% milk in 1x 
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15. 


16. 


17. 


18. 


19. 


PBS, 0.05% Tween-20 can be used to dilute primary and 
secondary antibodies. 


We usually use 200—350 yl reagent/slide, depending on the 
number of sections on each slide. 


If samples are not completely dry, the cytoplasm of myofibers 
will also be colored in orange. 


Select the mid-belly muscle section (for hind-limb muscles), 
usually the biggest section on the slide, or nearly the biggest 
one, which shows the best sectioning and staining. This is 
important as suboptimal sectioning forms artefacts that inter- 
feres with the analysis. 


Determine the area of a single image field or of the whole 
muscle section using rectangle or polygon tool of ZEN soft- 
ware, respectively. Express data as the number of dystrophin- 
positive fibers per mm?. This method takes less time and effort 
but is still informative. 


Analysis should be performed in a blinded manner and by a 


single operator to avoid bias. 
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In Vivo Models for the Evaluation of Antisense 
Oligonucleotides in Skin 


Jeroen Bremer and Peter C. van den Akker 


Abstract 


Here, we describe an in vivo model in which antisense oligonucleotides were preclinically evaluated in 
reconstituted patient and healthy control skin. The aim was to investigate the effect of antisense oligonu- 
cleotides upon local or systemic administration. This allows for clinically relevant evaluation of antisense 
oligonucleotides in an in vivo setting. In this model, primary human keratinocytes and fibroblasts were 
placed into silicone grafting chambers, implanted onto the back of athymic nude mice. After sufficient cells 
were expanded, within a few weeks, human skin grafts were generated with a high success rate. These mice 
bearing grafts were subsequently treated with antisense oligonucleotides targeting exon 105 of the 
COLZA] gene which encodes type VII collagen. Patients completely lacking expression of type VII collagen 
develop severe blistering of skin and mucosa, i.e., recessive dystrophic epidermolysis bullosa. In this chapter, 
we describe the in vivo model used for the preclinical evaluation of antisense oligonucleotides as therapeutic 
approach for recessive dystrophic epidermolysis bullosa. 


Keywords Epidermolysis bullosa, Therapy, Exon skipping, Antisense RNA, Skin equivalent mouse 
model, Splice modulating 


1 Introduction 


Antisense oligonucleotide (ASO)-mediated exon skipping has been 
shown to have great potential as therapeutic approach for the 
devastating heritable skin blistering disease dystrophic epidermoly- 
sis bullosa (DEB) [1, 2]. Severe recessive DEB (RDEB-gen sev) is 
caused by biallelic null variants in the COL7AI gene, which 
encodes type VII collagen (C7). C7 is an extracellular matrix mole- 
cule that secures attachment of the epidermis to the dermis by the 
formation of anchoring fibrils. Imaginably, the complete absence of 
C7 results in severe blistering of skin and mucosa and early demise 
[3]. The aim of ASO-mediated exon skipping is to remove the exon 
from the transcriptome in which the disease-causing variant resides. 
As a result, a slightly shorter protein is expressed which is functional 
[4]. In this chapter, we describe the evaluation of ASO targeting 


Virginia Arechavala-Gomeza and Alejandro Garanto (eds.), Antisense RNA Design, Delivery, and Analysis, Methods in Molecular 
Biology, vol. 2434, https://doi.org/10.1007/978-1-0716-2010-6 21, O The Editor(s) (if applicable) and The Author(s) 2022 
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2 Materials 


skin in an in vivo setting. The model is based on the cell sorting 
principle, in which cells are of the same cell type cluster; in this case, 
primary human fibroblasts and keratinocytes [5]. Athymic nude 
mice were used for several reasons, foremost, these mice are highly 
suitable for xenografting as the mice do not possess a thymus and 
therefore do not display graft rejection. Second, morphological 
changes, like pigmentation or blistering, can be easily observed as 
the mice have little to no fur. These mice are bred and kept in 
individually ventilated cages (IVC), as they are vulnerable to 
pathogens. 

Initially, a submerged culture was established in silicone graft- 
ing chambers that were implanted onto the back of these mice. This 
submerged culture allows for proliferation, clustering, and attach- 
ment of fibroblasts and keratinocytes onto the muscle fascia. After 
10 days, the silicone grafting chamber is removed, which creates an 
air—liquid interface. It is well known that an air—liquid interface is 
essential for differentiation of the keratinocytes and form a stratum 
corneum. These principles are similar to the principles of 3D skin- 
equivalent culture in vitro. 

The major advantage of this model is the ability to evaluate 
ASOs that are systemically administered. Additionally, this model 
allows treatment for longer periods than in vitro. The major disad- 
vantage of this model is the need for, in comparison with in vitro 
3D-culture, high numbers of patient cells. Primary cells were used; 
however, cell lines or iPSC-derived cells could be used as well. 
When using primary cells, the lower the passage, the better-defined 
strata of skin as the proliferative potential and differential is the 
highest. In this chapter, we describe the grafting model that was 
used to evaluate ASO-mediated exon skipping upon systemic treat- 
ment using primary cultured fibroblasts and keratinocytes. 


1. Primary cultured human skin fibroblasts (5-6 x 10° per 
animal). 


2. Primary cultured human skin keratinocytes (5-6 x 10? per 
animal). 


. Phosphate-buffered saline (PBS). 

. HEPES-buffered saline solution (HBSS). 

. Hyclone fetal bovine serum (Chelex 100 treated) (see Note 1). 
. Grafting medium (1:1 DMEM:Ham-F12 + 5% FBS). 


. Silicone grafting chamber (made by medical instrument 
maker). 


N ON Q 


8. Surgical instruments: scissors (Metzenbaum), tweezers, 
forceps. 


3 Methods 


3.1 Anesthesia and 
Handling 


3.2 Surgical 
Procedure 
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9. Suture wire (5-0). 
10. Biotechnical surgery equipment. 
11. Buprenorphine (0.01 mg/ml). 
12. Chlorhexidine 2% for topical application. 
13. 70% alcohol. 
14. Weighing scale for mice. 
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Due to the wide variability in laboratory animal practices and 
surgical instruments used in laboratories, we generally describe 
the anesthesia procedure. Anesthesia of the animal was induced 
using 596 isoflurane gas in a closed induction chamber designed 
for mice with continuous flow of 5% isoflurane gas carried by 
oxygen. After induction, the animal was transferred onto a heated 
pad where anesthesia was maintained using 2% isoflurane gas by 
placing the head of the mouse into a breathing conduit through 
which the gas continuously flows. All handling and surgery were 


performed inside a laminar biohazard flow cabinet. 


1. Harvest 5-6 x 10° fibroblasts and 5-6 x 10° keratinocytes. 
Spin down at 200 x gand remove supernatant. Resuspend and 
pool pellets in 4 ml grafting medium. Spin down at 200 x gand 
remove supernatant. Keep pellet on ice and proceed to the 


animal laboratory. 


2. Take the IVC cage containing the animal and spray it down 


with 70% alcohol, then place the cage in the flow cabinet. 


3. Open the cage and transfer the mouse into the induction 
chamber containing 5% isoflurane gas and write the time in 


your log as the start of the operation. 


4. Once induced, weigh the mouse and transfer the mouse onto 
the heated pad and place the head of the mouse into the 
breathing conduit. Make sure the mouse is under by pinching 


a paw. Only when completely under anesthesia, continue. 


5. With a sterile gauze use chlorhexidine to sanitize the neck and 


tale base of the mouse. 


6. Inject 10 pl/g buprenorphine at the tail base subcutaneously. 


7. Using a permanent marker, draw an 8-10 mm diameter circle 


between the shoulder blades loose skin. 


8. Using a tweezer, lift the skin in the middle of the circle and 
excise a full skin thickness circle revealing the muscle fascia 


(Fig. 1a). 
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Fig. 1 Grafting procedure. In this figure, the steps of the grafting procedure are explained. (a) First, a full- 
thickness skin excision is made. (b) Then the silicone grafting chamber is implanted, followed by injection of 
the cells in grafting medium in the chamber. (c) Subsequently, the chamber will be filled with wound fluid and 
after (d) 7 days, the grafting chamber is removed. (e) A scab will be formed on the wound which will (f) fall off 
around 10 days after removal of the chamber and a patch of human skin is revealed 


9. Once removed, use the surgical scissors to separate the skin 
from the fascia surrounding the excision. 


10. Insert the silicone grafting chamber in the excised area. 


3.3 Removal of the 
Grafting Chambers 


4 Notes 
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11. 


12. 


13. 


14. 


15. 


Once the grafting chamber is implanted, the chamber should 
be securely held in place by the surrounding skin. If necessary, 
suture the skin surrounding the chamber together, thereby 
securing the chamber in place. 


Resuspend the pellet in grafting medium and pipet gently 
dropwise into the grafting chamber. Write the time in your 
log (Fig. 1b). 

Reduce the isoflurane to 1.75% (see Note 2) and cover the 
lower part of the mouse with a few gauzes to make sure the 
mouse remains warm. 


40 min after the cells are pipetted onto the muscle facia in the 
grafting chamber, gently place the mouse back into the IVC 
cage, close the lid, and monitor the mouse as it recovers from 
anesthesia. 


Every 8 h, the mouse is treated with 10 pl/g buprenorphine for 
48 h. After 48 h, the mice should be monitored daily for 
behavior (see Note 3) (Fig. 1c). 


Ten days post operation, the grafting chambers are removed. 


l. 


Induce anesthesia as described above. Carefully using precision 
tweezers release the graft from the inside of the grafting cham- 
ber (see Note 4) and the grafting chamber from the skin 
surrounding the chamber. Remove sutures if necessary. 


. Once free, carefully remove the grafting chamber using twee- 


zers, revealing the white-yellow graft in the middle (Fig. ld). 


. The mouse is kept under anesthesia for 10 min after removal by 


2% isoflurane gas in oxygen. 


. Gently place the mouse back into the IVC cage and monitor 


the mouse as it comes back to esthesia. 


. Within 24 h, a scab will form (Fig. 1e). Generally, the scab will 


fall off after a week (see Note 5) revealing the human skin graft 
(Fig. 1f). 


. Hyclone fetal bovine serum is chelated using 4 g Chelex 


100 (Bio-Rad)/100 mL FBS. Left to rotate overnight at 
4 °C, paper filtrated to remove residual resin, then sterile 
filtered and kept in aliquots at —20 °C. It is essential to use 
low calcium serum, as calcium will induce premature differen- 
tiation of keratinocytes. 


. It is essential to monitor mice under isoflurane anesthesia. Try 


to find the minimum required to sustain anesthesia, as the mice 
are sensitive to isoflurane. 
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3. Injections are given under short general anesthesia to minimize 


the risk of damaging the chambers/grafts. The mice are housed 
individually, as mice will eat the silicone grafting chamber. 
Additionally, remove cage enrichment where the chamber can 
get stuck behind, e.g., small houses or tubes. Sterilized tissues 
can be used as replacement for cage enrichment. The mice will 
build burrows with them, and they cannot damage the grafting 
chamber or graft. 


. Make sure the graft and skin are completely cleared from the 


chamber. Otherwise, lifting the chamber could remove (part 
of) the graft. 


. Do not physically remove the scab. The time required for the 


scab to fall off varies. Usually between 7 and 10 days. 
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Abstract 


The eye is the organ in charge of vision and, given its properties, has become an excellent organ to test 
genetic therapies, including antisense oligonucleotide (AON) technology. In fact, the first AON receiving 
FDA and EMA approval was meant to treat an eye condition. Currently, dozens of clinical trials are being 
conducted for a variety of subtypes of inherited retinal disease. Although most of them are based on gene 
augmentation therapies, a phase 3 and two phase 1/2 clinical trials using AONs are ongoing. Since the 
retina is a layered structure of nondividing cells, obtaining human retinal tissue and expanding it in the lab is 
not possible, unless induced pluripotent stem cell technology is used. Mouse models have helped to 
elucidate the function of many genes, and the retinal structure is quite similar to that of humans. Thus, 
drug delivery to the mouse eye can provide valuable information for further optimization of therapies. In 
this chapter, the protocol for intravitreal injections of AONS is described in detail. 


Keywords Retina, Intravitreal injection, Mouse, Inherited retinal diseases, Antisense oligonucleotide, 
Drug delivery, Intraocular injection 


1 Introduction 


The eye is the window to the world around us. Vision occurs thanks 
to a thin neuronal layer located at the back of the eye called the 
retina. When light enters the eye, the photosensitive cells (photo- 
receptors) capture the photons and convert them into chemical and 
electrical signals that travel to the brain, where the final image will 
be generated [1]. 

Inherited retinal diseases (IRDs) are monogenic disorders 
affecting approximately 1 in 3000 individuals worldwide [2]. So 
far, mutations in more than 250 genes have been associated with 
IRDs (RetNet: https: //sph.uth.edu/retnet/). IRDs are highly het- 
erogeneous, but in general, the first symptoms appear during the 
first decade of life, and the disease progresses with age, often 
leading to total blindness. 

Although no cure is available for IRDs, the eye is at the fore- 
front of the development of molecular therapies. Its accessibility, 
containment, immune-privileged status, together with the window 
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of opportunity that IRDs present, make the eye a model organ for 
therapeutics. An example is Luxturna, an adeno-associated virus 
(AAV)-based therapy, which has become the first gene therapy 
treatment with market approval for an eye disease [3]. This achieve- 
ment has sped up the development of many other potential treat- 
ments currently under investigation at both preclinical and clinical 
levels for a variety of retinal diseases. Another example of molecules 
that have shown promising results in humans is antisense oligonu- 
cleotides (AONs). These 18-21 nucleotide oligonucleotides are 
able to bind to the pre-mRNA and, among other functions, can 
modulate splicing or degrade RNA transcripts [4]. After the 
promising results obtained in a phase 1/2 clinical trial [5], a 
phase 2/3 clinical trial (NCT03913143) using AONS to correct a 
splicing defect in CEP290-associated IRD has recently started. 
Furthermore, two other phase 1/2 clinical trials have also com- 
menced for specific mutations in the IRD-causing genes USH2A 
(NCT03780257) and RHO (NCT04123626). 

When considering testing AON efficacy in the mouse eye, it is 
important to remember that AONs are sequence-specific mole- 
cules. In the past, we developed a humanized mouse model for 
the intronic variant c.2991+1655A>G in CEP290 [6]. This model 
contained a ~6 kb fragment of the human CEP290 including the 
intronic mutation, and the splicing defect associated with this 
mutation was only slightly recapitulated [6]. Despite, using a pre- 
viously efficacious AON characterized in patient-derived cells [7 ], a 
single dose of 60 ug of AON was delivered to the retina intravi- 
treally, and pseudoexon skipping was observed up to 30 days after 
injection [8 ]. 

Delivery to the eye can be performed in multiple ways. The 
most common ones are intravitreal and subretinal injections. For 
AONS, intravitreal injections are a good choice since the entire 
retina can be targeted (Fig. 1). There are several ways to perform 
intravitreal injections, and in this chapter, the protocol we success- 
fully use in our lab is described step by step. For this procedure, no 
sophisticated equipment is required. 


1. Permission from the animal ethical committee and a safe place 
to work (see Note 1). 


. Stereomicroscope. 
. Balance to weigh the animals. 
. Microdissection scissors (e.g., Vannas 8 cm str). 


. Dumont £5 forceps. 


nn 9 NY 


. Dumont #5 curve 45-degree forceps. 
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retina 


cornea 


intravitreal 
space 


Intravitreal injection Subretinal injection 


Fig. 1 Schematic representation of an intravitreal (left) and subretinal (right) injections. The figure was made 


with Biorender 


. 30G needles. 

. 25G needles. 

. 1-ml plastic syringes. 

. 10 pl Hamilton syringe without needle (e.g., 1701 RN or 


701 RN). 


. Hamilton needles: 33G, 51 mm, blunt end or 34G, 12.7 mm, 


blunt end (see Note 2). 


. Sterile gauzes. 
. Isoflurane or other types of anesthetics. 


. In case of using isoflurane, a box to anaesthetize the animals, 


and corresponding tubes (including a stopcock to allow distri- 
bution of the isoflurane to the box, but also to the animal 
undergoing the procedure). 


. Analgesic such as carprofen (stock 50 mg/ml). 
. Tropicamide ophthalmic solution (see Note 3). 
. Antibiotics, formulated as eye ointments (e.g., PRED-G, 


TobraDex, etc.). 


. Heat pad to warm up the animals during the recovery time. 
. 1-ml tips. 
. Ethanol 70%. 


. Sterile deionized water (in a falcon tube). 
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3 Methods 


3.1 Before Starting 


3.2 Preparation for 
the Procedure 


22. 
23. 
24. 


25. 


N 
oN 


N 
c 0 dq10 014 0 l0-— N 


— 
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1.5-ml Eppendorf tubes. 
Bench diapers. 


The solution to resuspend the molecule of interest (in this case, 
sterile PBS 1x or saline commercial). 


The molecule of interest (in this case AONs) resuspended at 
the proper concentration in the appropriate solution (between 
5 and 20 pg/pl). 


. A colleague willing to help and that is allowed to work with 


animals (see Note 4). 


. Mice to inject (see Note 5). 


. Dumont £5 forceps. 

. 2-ml Eppendorf tubes. 
. Scissors. 

. Small blades. 

. OCT compound. 

. Molds for cryoblocks. 
. Liquid nitrogen. 

. Polystyrene box. 

. Isopentane. 


. Aluminum boxes (to store the cryoblocks individually 


(14.5 mm) or in groups (29 mm)). 


Prepare the selected spot with enough space to place a stereomi- 
croscope, sit in a comfortable way, have safe connection to isoflur- 
ane (see Note 6), and have enough room to have all the necessary 
tools around. For administering AONS, a safety cabinet is not per se 
needed; however depending on the animal facility, the animal 
handling must be conducted inside the cabinet, meaning that the 
procedure is too (see Note 7). Last but not least, remember to 
sterilize the forceps and scissors before the procedure. 


Once at the location, prepare the place for the procedure: 


l. 


Cover the surface with the bench diapers. 


2. Place the microscope on top of it. 


. Connect the box to the isoflurane using a tube with a stopcock 


and an extra exit tube. 


. Placea 1-ml tip at the end ofthe extra tube (cut the 1 cm ofthe 


tip first) if performed in the cabinet, or use a safe tube 
connected to the aspirating system. 
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. Put the balance in a stable place. 


. Wash the Hamilton syringes with deionized water (MQ), then 


ethanol 70%, and then water again. 


. Prepare all the tools around the microscope: forceps, scissors, a 


1-mlsyringe with a 30G needle (for the procedure), the AONs, 
and antibiotics. 


. Prepare the carprofen at the correct concentration (usually 1: 


100 in saline, to inject 10 pl for each gram of weight). Alterna- 
tively, carprofen can be added to the drinking water 24 h prior 
to the procedure in a 1:1000 dilution (stock 50 mg/ml). In 
this case, injection is not needed. 


. Prepare a 1-ml syringe with a 33G needle (to inject the 


carprofen). 


. Prepare the heat pad. 


. Prepare the animals for the procedure. 


. Take the first animal. 


2. Weight the animal and write down the weight in grams. 


. Place the mouse in the box with the isoflurane at 4—5% for 


induction. 


. Once the animal is asleep, transfer it under the stereomicro- 


scope and place the extra tube in the mouth/nose of the 
mouse, using the 1-ml tip if working on the cabinet or the 
safe tube. Reduce the isoflurane to 2-2.5*6. 


. Tape the tip to the base of the microscope to avoid it moving 


and the mouse waking up during the procedure. 


. Deliver the carprofen via subcutaneous injection (10 pl of a 


solution 0.5 mg/ml (dilution 1:100) for each gram of weight). 
Alternatively, carprofen can be added to the drinking water 
24 h prior to the procedure (dilution 1:1000), in this case 
injection is not needed. 


. Place the animal in a position such as the eye is clearly visible 


through the center of the stereomicroscope (see Note 8). In 
our lab, left eye is injected first by a right-handed person (see 
Notes 8 and 9). 


. Prepare the volume to be injected in one of the Hamilton 


syringes. For adult mice, this is usually 2 pl. In this example, 
the left eye is injected first, thus the solution will be PBS 1x. 


. With the forceps, take the conjunctiva below the upper eyelid. 


Pull it a bit to the outside, and with the surgery, scissors make a 
small cut to clearly see the eyeball toward the inner part. Make 
sure you do not cut the conjunctiva in the border, otherwise it 
will not be possible to pull it in the next steps (see Note 10). 
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Fig. 2 Schematic representation of the steps to perform an intravitreal injection in mice. (a) The 30G needle is 
used to make a small hole in the eye to be able to introduce the Hamilton needle with a blunt end in the 
intravitreal space. It is important to only perform the incision with the very tip part of the needle (marked with 
an asterisk). (b) Schematic representation of the intravitreal injection of the left eye. The figure was made with 


Biorender 


10. 
11. 


12. 


13. 


14. 
15. 
16. 
17. 


18. 


19. 
20. 
21. 


The cut should be done in the area behind the ora serrata, to 
make sure we inject in the retina. 


Leave the scissors and take the syringe with the 30G needle. 


While still holding the conjunctiva with the forceps, use the 
syringe with the 30G needle to make a tiny hole in the clean 
area (without any type of membrane) of the eyeball (Fig. 2a), 
by only using the tip of the needle (see Note 11). 


Leave the syringe and grab the Hamilton loaded with 2 ul of 
PBS 1x. 


Place the needle of the Hamilton in the hole previously made, 
for intravitreal injection, carefully and slowly placing the needle 
into the eye in the intravitreal space (Fig. 2b). Release slowly 
the content of the syringe with the help of a colleague (see 
Notes 12-14). 


Leave the needle a couple of seconds to avoid reflux. 
Slowly remove the needle from the eye (see Note 15). 
Release also the conjunctiva. 


Turn the animal and perform the same procedure (steps 7-15) 
on the right eye, but now injecting the AON instead of PBS 1x 
(see Note 16). 


Once both eyes have been injected, remove the mouse from 
the isoflurane. 


Place some antibiotic on top of each eye. 
Transfer the mouse to the cage located on top of the heat pad. 


Label the cage properly to avoid confusions (see Note 17). 


3.4 After the 
Procedure 


3.5 Follow-Up 


3.6 Harvesting the 
Tissue and Read-Outs 
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22. After a couple of minutes, the animal should wake up and start 
moving around. 


23. Clean with ethanol the forceps, scissors. 


24. Continue with the next animal following the same steps as 
described above (see Note 18). 


25. If multiple AONSs are injected, clean the Hamilton syringe as 
described in step 6 of Subheading 3.2 and proceed with the 
same steps described in Subheading 3.3. 


1. Stop the isoflurane. 
2. Check that all animals are awake. 


3. Place them back in the corresponding rack and recheck again 
that labels are correctly placed. 


4. Clean the needles first with MQ water (to remove any kind of 
possible tissue left), then with 70% ethanol, and then with MQ 
water again and allow to dry (see Note 19). 


5. Discard all the 30G and 33G needles used in the proper 
container. 


6. Clean the scissors and forceps with 70% ethanol and water. 


7. Discard the bench diaper, the tip, and syringes used to inject 
carprofen. 


8. Clean the working space. 


During the next 2 days, it is important to check the eyes of the 
animals on a daily basis in order to detect possible infections. In our 
hands, we have never observed any infection or complication 
derived from the injections (see Note 20). 


Depending on the molecule injected and the purpose of the exper- 
iment, the harvesting time will vary. For instance, it is known that 
when injecting viruses such as adeno-associated viruses (AAVs), the 
highest expression is obtained after 3—4 weeks [9 ]. In contrast, the 
effect of an AON can be already detected a couple of days after 
injection [8]. Therefore, the timing on tissue collection will be 
based on the specific project and the expected efficacy of the thera- 
peutic molecule. 

The way to sacrifice the mice can also modify the read out. In 
our group, we sacrifice the animals by cervical dislocation to collect 
the samples as quickly as possible and avoid possible changes trig- 
gered by CO; inhalation (the other type of euthanasia approved in 
our facility). 

AON efficacy assessment can be done at RNA or protein level. 
For example, checking by RT-PCR if the splicing is redirected, or 
by Western blot whether protein levels were increased or decreased, 
depending on the purpose ofthe study. For that, the retina needs to 
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nasal 


(N) 


dorsal (D) 


temporal (T) 9'? serrata 


Fig. 3 Schematic representation on how to place the right eye in the cryomold. The figure shows the different 
areas of the eye in the position of the mouse. When placing the eye in the mold, we put the dorsal (D) and the 
ventral (V) areas as indicated. Nasal (N) area will be at the bottom of the mold and the temporal (T) at the top. 
Arrows indicate the side of the mold used as reference to place the ora serrata of the eye in parallel. This is the 
common procedure we use in our lab, but the position of the eye can be done in different ways. Also the eye 
can be marked with a dye or by carefully burning the cornea at a specific position to recognize the orientation. 
The figure was made with Biorender 


be harvested, and this can be done easily following the instructions 
previously described elsewhere [10]. Once the tissue is collected, it 
can be processed according to standard protocols for RNA isolation 
and protein lysates [6]. 

Morphological studies can also be performed. These tests are 
important for example, to study if the newly created protein loca- 
lizes at the proper place or if the AON itself is creating any toxic 
effect. For that, the entire eye will be collected and subsequently 
sectioned to analyze these aspects by conventional eosin/hematox- 
ylin or toluidine-blue staining or immunohistochemical studies. In 
order to prepare the samples, the eye needs to be sectioned. Here, 
there are two options. (A) The eye is fixed and dissected, removing 
the cornea and lens, cryopreserved in sucrose, and embedded in 
OCT, as previously described elsewhere [10], or (B) embedded 
directly in OCT. In general terms, fixed eyes will give better mor- 
phology than non-fixed. However, in our experience, often primary 
antibodies work only in unfixed tissue (especially those that are 
home-made). Therefore, choosing the best protocol to follow will 
depend on the reagents that will be employed for the different read- 
outs. Since option A has already been described in detail previously 
[10], option B is explained below: 


1. Add OCT to the cryomold (see Note 21). 
2. Enucleate the eye using the forceps. 

3. Pull the eye from the animal. 
4 


. Place the eye in the OCT with the cornea looking to the right 
side (right eye) or left side (left eye) (Fig. 3, see Note 22). 


5. Make sure the eye is entirely submerged in the OCT. 


O ON OB 


4 Notes 
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. Align the ora serrata parallel to the border of the cryomold. 
. Add isopentane in an aluminum box. 
. Place the aluminum box with isopentane in a polystyrene box. 


. Place the mold on top of the aluminum box, making sure the 


lower part is in contact with the isopentane. 


. Add some liquid nitrogen in the polystyrene box. 
. Allow the sample to freeze slowly. 


. Once completely frozen, unmold and store for sectioning in an 


aluminum box properly labeled at —80 °C until sectioning (see 
Note 23). 


. Before starting the procedure, please make sure that permission 


by the corresponding ethical committee of the research insti- 
tute has been granted. Subsequently, find a location where the 
injections can be performed in the most comfortable way, and 
adhering to the rules for animal experimentation and the ani- 
mal facility. 


. Depending on the skills of the person, the stereomicroscope 


(space left to perform the injection), the angle, etc., you can use 
long or short needles. Long needles allow more flexibility in 
terms of space (the Hamilton does not interfere with the 
stereomicroscope); however, small movements are more 
noticeable. Also, a second person needs to help by pressing 
the syringe to deliver the volume. In our experience, for adult 
mice long needles are better. 


. Tropicamide ophthalmic solution can be used to relax the 


musculature of the eye and therefore dilate the pupils by apply- 
ing one drop on the eye, and after 1 or 2 min, dry it with a 
gauze. It is not per se needed, but it might help. 


. During the injection procedure, a third hand is needed to press 


the syringe and release the content. This colleague can also help 
with the preparations, for instance, while one person injects, 
the other can already weigh and prepare the next animal, in 
order to optimize time as much as possible. 


. It is recommended to start with pigmented animals. This will 


allow to perform the procedure easily since all the membranes 
and the eyeball will be completely distinguishable. Having 
acquired more practice, albino animals can also be injected. If 
this is not possible, practicing with albino mice can be done 
using some type of dye that will allow to observe where the 
liquid is being injected. 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


. Isoflurane is the method we use in the lab. Animals fall asleep 


and recover fast. However, other types of analgesia are also 
possible if they are accepted by the ethics committee and animal 


facility. 


. In general, animal facilities are relatively far away from the 


regular labs; therefore, if the animal facility does not have a 
stock of materials, such as needles, syringes, tubes, tips, etc., 
take more materials than needed just in case. 


. Depending on the person, the right or left eye might be easier 


to inject. Based on our experience, left-handed persons find it 
easier to inject the left eye, while the opposite is observed for 
right-handed persons. 


. One of the benefits of working in the eye field is that each 


animal is its own control. To avoid confusion and perform the 
procedure in a systematic way, we deliver the control solution 
to the left eye, and the AON molecule to the right eye. How- 
ever, it may happen that both eyes might be injected with the 
same molecule. This will be determined based on the hypothe- 
sis and study design. 


It is really important to have a small area without any mem- 
brane, otherwise future steps will be complicated. Multiple cuts 
might be needed. 


It is very important to make the hole with the very beginning 
of the tip of the needle; otherwise, the hole might be too big, 
or the needle might penetrate into the eye, damaging the retina 
(Fig. 2a). 

Sometimes a possibility is to find the lens carefully and go back 
1-2 mm, in that way you know you are in intravitreal space. 


While releasing, hold the syringe in a way that it will not move. 
Practice first with your colleague and make sure you both adapt 
to each other. Be clear with the person assisting you by using a 
specific quote such as “inject,” “now,” etc. It is very important 
that the person pressing is also aware of doing it gently and 
slowly to avoid moving, or even pushing the syringe deeper. 


When injecting, you should see that the solution gets into the 
eye. 

When removing the needle there can be some reflux. This 
happens often, and it is more obvious when injecting 3 ul. 
With 2 pl it can be observed depending on the size of the eye 
and with 1 pl it is rare. However, with 1 pl it can happen that 
the molecules do not reach the entire retina. Removing the 
needle slowly after a couple of seconds (instead of immediately) 
after injection also reduces the amount of reflux. 


To avoid having to clean the Hamilton syringe and needle 
between left and right eye, the use of two syringes, one for 
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the PBS 1x, and the other for the AON, is recommended. This 
will ensure no traces of AON in the control eye and will 
contribute to reduce the overall intervention time. 


When injecting the mice, make sure that the accompanying 
labels are moved, and the treatment is clearly stated in the label. 
Usually, it is also needed to identify individual animals. This can 
be done with earmarks or any other system used at the facility. 


The 30G and 33G needles often get less sharp after a couple of 
injections. So replace them every time you feel they are not as 
sharp as they used to. 


When cleaned directly with ethanol, the salts tend to precipi- 
tate, and the needle can get clogged. Therefore, the extra step 
with MQ water after ethanol is to remove the possible salts that 
could precipitate and therefore cause malfunction of the 
Hamilton syringe or needle. 


We have not observed any discomfort or side effect caused by 
the procedure. However, some spontaneous casualties may 
occur due to aging, spontaneous tumors, or fights between 
animals. This highly depends on the age of the animals at the 
moment of injection, and the period of time they need to be in 
the experiment until analysis. 


Make sure that no bubbles are present. If so, remove them 
since they can affect the sectioning procedure. 

This is the way we do it to differentiate left and right eyes but 
also knowing the orientation of the eye. Alternatively, the eye 
can be marked to identify the orientation after sectioning. 


A couple of hours before sectioning, we usually move the 
cryoblocks to —20 °C. 
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Delivery of Antisense Oligonucleotides to the Mouse Brain 
by Intracerebroventricular Injections 


Tom Metz, Elsa C. Kuijper, and Willeke M. C. van Roon-Mom 


Abstract 


The use of antisense oligonucleotides (AONs) is a promising therapeutic strategy for central nervous system 
disorders. However, the delivery of AONs to the central nervous system is challenging because their size 
does not allow them to diffuse over the blood—brain barrier (BBB) when injected systemically. The BBB can 
be bypassed by administering directly into the brain. Here we describe a method to perform single and 
repeated intracerebroventricular injections into the lateral ventricle of the mouse brain. 


Key words Intracerebroventricular injections, Stereotactic surgery, Cannula, Antisense 
oligonucleotides 


1 Introduction 


There has been a recent revival of interest in the use of antisense 
oligonucleotides (AONs) to treat neurodegenerative disorders with 
one approved central nervous system AON therapy and several in 
clinical trials [1]. This is largely due to the remarkably widespread 
distribution and cellular uptake of AONs once delivered into the 
brain. However, for drugs to reach the nervous system, they first 
have to cross the blood-brain barrier (BBB). Since the molecular 
weight of AONs is approximately 6000-10,000 Da, they are too 
large to cross the BBB by simple diffusion when delivered systemi- 
cally. During the study of therapeutic efficacy of AONs in mouse 
models, AONSs are often infused intracerebroventricularly (ICV). 
The BBB is bypassed by injecting the AON directly into the lateral 
ventricle, after which the AONSs pass the ependymal cell layer that 
lines the ventricular system and enters the brain parenchyma. 

One group of disorders for which these AON therapies are 
being studied in mouse models are the polyglutamine disorders. 
In these disorders, the disease is caused by CAG triplet repeat 
expansions in the coding region of a gene that is subsequently 
translated into an expanded stretch of glutamine amino acids in 
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22 Disposables 


the protein. The disease-causing proteins for each of these poly- 
glutamine (polyQ) disorders are different, but in each case, the 
expanded stretch of glutamines results in a toxic gain of function 
of the protein leading to neurodegeneration. To date, a total of 
nine polyQ disorders have been described: dentatorubral- 
pallidoluysian atrophy (DRPLA), Huntington's disease (HD), spi- 
nal bulbar muscular atrophy (SBMA), and spinocerebellar ataxias 
(SCALI, 2, 3, 6, 7, and 17) [2, 3]. There is an inverse correlation of 
disease onset and polyQ length in the protein; the longer the CAG 
repeat, the earlier the age of onset of the disease [2]. Protein 
aggregates are found in the nucleus and cytoplasm of cells, indicat- 
ing that protein misfolding is a common feature of these disorders. 
Using RNA breakdown [4] or RNA splice modulating AONs 
[5, 6], it is possible to reduce the toxicity of the mutant proteins, 
which can hopefully halt the disease progression in patients. 

Because of the limited volume that can be injected into the 
mouse brain, multiple injections can be required to reach the 
desired dose. Repeated injections of AONs lead to a widespread 
distribution throughout the entire mouse brain, and the protein 
modifying effect can be detected in the cortex, cerebellum, and 
brainstem [6]. In this chapter, we describe a method for ICV 
delivery of AONs through a single injection or repeated injections 
using a cannula (Fig. 1). 


(See Note 1). 


l. Infusion cannula (PlasticsOne C315IS-5/SPC). 
2. Tubing (PlasticsOne C313CT). 

3. Cannula guide (PlasticsOne C315GS-5-SP). 

4. Dummy cannula (PlasticsOne C315DCS-5-SPC). 
5 


. MRI-compatible cannula guide (PlasticsOne C315GS-5-Pk/ 
SPC) (see Note 2). 


6. MRI-compatible dummy cannula (PlasticsOne C315DCNS- 
5/SPC) (see Note 2). 


7. Dental cement (DiaFil Flow 1928-5005-01 DiaDent). 


8. Primer (OptiBond^ All-In-One 33381-E; Kerr Dental, Biog- 
gio, Switzerland). 


9. Analgesia (Carprofen 50 mg/mL). 
10. Ocular lubricant (Added Pharma 220201). 
11. Petroleum jelly. 
12. Small piece of paper. 
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Fig. 1 Location and tools for intracerebroventricular injection. (a) Schematic and photographic outline of the 
injection site (l), bregma (B), and lambda (L) as points of reference. (b) Cannula types required for 
intracerebroventricular injection. The infusion cannula is connected to the syringe tubing and guided through 
the cannula guide to inject into the lateral ventricle. The cannula guide is attached to the skull and can be 


closed using a dummy cannula 


13 


14. 
15. 
16. 
17. 


18. 
19. 
20. 
21. 


A3 Fixed Equipment l. 


Anesthesia (oxygen/isoflurane system with box and 
mouthpiece). 


7096 ethanol. 

Isopropanol. 

MilliQ water. 

25 G disposable needle (for subcutaneous injection of 
analgesia). 

23 G disposable needle (for flushing cannula tubing). 

1 mL disposable syringe. 

Tape (to remove dust from skull after drilling). 

Cotton cloths. 


Stereotactic setup. 
(a) Noninvasive ear bars. 


(b) Stereotactic arm that fits the cannula guide. 


2. Drill (Meisinger 310104001001005). 


. Macroscope + light. 
. UV light source. 
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24 Solutions 


3 Methods 


3.1 Preparation 


. Hamilton syringe (gastight Hamilton #1701, including blunt 


needle 32 G). 


. Heating pad. 

. Heating lamp. 

. Animal shaver. 

. Waterproof marker. 
. Forceps (2x). 


. Scissors (skin). 


. Reconstituted AON in DPBS (Gibco 14190144). 


The limit of a bolus injection in the adult mouse brain is about 
10 pL. In order to reach a sufficient dose of AON in the mouse 
brain, multiple injections over a longer period of time can be used 
(see Note 3). To make consecutive injections more easy and more 
animal-friendly, a cannula guide is placed on the mouse skull (see 
Note 4). The following injections can be given without surgery (see 
Note 5). The animal only has to be anesthetized and injected, 
which will not take longer than 10 min. 


l. 


Prepare the stereotactic setup. 
(a) Stereotactic apparatus with arm with holder for cannula. 
(b) Isoflurane setup. 


(c) Heating pad. 


2. Prepare the AON at the desired concentration. 


. Clean the infusion cannula, tubing, cannula guide, and dummy 


cannula with 70% ethanol. 


. Attach about 30 cm of tubing to an infusion cannula (see Note 


6). 


. Flush the tubing and infusion cannula using a 23 G needle and 


a l-mL syringe filled with MilliQ water. 


. Withdraw the syringe slightly, creating an air bubble in the 


tubing (see Note 7). 


7. Attach the tubing to the 10-uL Hamilton syringe. 


. Withdraw 10 uL of the AON into the tubing using the Hamil- 


ton syringe and make sure the AON is at room temperature 
when injecting. 


. Prepare carprofen in NaCl at 0.5 mg/mL from 50 mg/mL 


stock. 


3.2 Surgical 
Procedure 
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15. 


16. 
IZ. 
18. 
19. 


20. 


. Weigh the mouse. 


. Induce anesthesia by placing the mouse in a box with 4% 


isoflurane (0.8 L/min) to induce anesthesia. 


. Prepare carprofen analgesia (5 mg/kg) in a 1-mL syringe with 


25 G needle at room temperature. 


. When the mouse is fully sedated, shave the head of the mouse 


from the ears until the eyes. 


. Lower the isoflurane to 2% (0.4 L/min), switch the isoflurane 


from the box to the stereotactic apparatus, place the mouse in 
the stereotactic setup and make sure the mouthpiece is over the 
entire snout. 


. Make sure the mouse is placed on the heating pad, place the 


temperature probe in the anus of the mouse using lubricant gel 
and set the heating pad to 37 °C. 


. Cover the eyes of the mouse with ocular lubricant in order to 


prevent corneal dehydration. 


. Place a small piece of paper over the eyes to protect against UV 


light. 


. Apply carprofen subcutaneously using a 25 G needle. 
. Mount the mouse with noninvasive ear bars. 

. Turn on macroscope light. 

. Use 70% ethanol to clean the shaved area. 


. Make an incision in the skin from the ears until the eyes using a 


pair of scissors and a pair of forceps. 


. Use forceps and, under the macroscope, remove meninges and 


apply isopropanol to the skull where the cement will be located 
to make sure that the skull surface is dry. 


The head of the mice should be placed parallel to the stereo- 
tactic apparatus, so that bregma and lambda are at the same 
Z coordinate in accordance with the flat-skull principle used in 
stereotactic rodent surgery. 


Set the isoflurane to 1.5% (see Note 8). 
Secure the cannula guide in the arm of the stereotactic device. 
Assess bregma and mark it with a marker. 


Bring the cannula guide onto the marked point on bregma and 
note the coordinates of bregma. 


Apply primer to the whole area of the skull and also apply 
primer on the edge of the skin (see Note 9). Harden the primer 
with UV light 2x 10 s. Ensure the primer has hardened prop- 
erly and is dry. 
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3.8 Consecutive 
Injection 


21. 


22. 


23. 


24. 


25. 
26. 


27. 


28. 


Set the coordinates of the injection site in the stereotactic 
device: 0.2 mm posterior and 1.0 mm lateral to bregma (see 
Note 1). 


Apply a mark in the area where the cannula guide is expected. 
Bring the cannula guide down to the surface ofthe skull, which 
will leave a mark in the ink of the marker. 


Drill a hole in the skull on the place where the cannula guide 
made a mark in the ink using a dental drill and remove any dust 
by applying and removing tape. Remove any blood or liquid 
with a cotton cloth. 


Lower the cannula guide to a depth of 2.2 mm from the skull 
surface. 
Mount the infusion cannula into the cannula guide (click-on). 
Inject by hand at 1 pL/s and let the syringe in place to prevent 
outflow. 


Apply dental cement in layers, starting between the cannula 
guide and the skull working up to the skin (see Note 10). Use 
2x 10 s of UV light on each layer to harden the cement. 


Detach the cannula guide from the stereotactic arm and care- 
fully move the stereotactic arm upwards while leaving the 
cannula guide in place. 


. Add a last layer of dental cement and harden with UV light. 


. Screw the dummy cannula onto the cannula guide (see Note 


11). 


. Unmount the mouse from the stereotactic device and place it 


under a heating lamp for 15 min to recover (see Note 12). 


. Weigh the mouse. 


. Induce anesthesia by placing the mouse in a box with 4% 


isoflurane (0.8 L/min) to induce anesthesia until it is fully 
sedated. 


. Lower the isoflurane to 2% (0.4 L/min), switch the isoflurane 


from the box to the stereotactic apparatus and place the mouse 
in the stereotactic setup (or other isoflurane mask). 


. Make sure the mouse is placed on the heating pad, place the 


temperature probe in the anus of the mouse using lubricant gel, 
and set the heating pad to 37 °C. 


. Cover the eyes of the mouse with ocular lubricant in order to 


prevent corneal dehydration. 


. Gently remove the dummy cannula from the cannula guide (see 


Note 11). 


. Mount the infusion cannula into the cannula guide (click-on). 
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8. 


4 Notes 


Inject by hand at 1 pL/s and let the syringe in place to prevent 
outflow. 


. Screw the dummy cannula onto the cannula guide. 


. Unmount the mouse from the stereotactic device and place it 


under a heating lamp for 15 min to recover (see Note 13). 


. For our experiments, we have used different mouse models 


with a C57BL/6 background in the age range of 2-6 months. 
The coordinates of the injection site may vary among mouse 
strains and ages at injection. 


. When MRI is part of the experiment, use MRI-compatible 


cannula guide and dummy cannula (Fig. 2a). 


. The technique described here has been applied to do three 


AON injections over a period of 4 weeks. There should be at 
least 1 week between injections to let the mice recover. Some- 
times the cannula guide comes off the skull of the mouse; 
however, in our hands, the cannula guide stays attached to 
the skull for a period of 6 months. After 6 months, we observed 
indentation of the skull in around 20% of the animals (Fig. 2b). 
Animals do not seem to suffer from this, but it could poten- 
tially influence the experiment depending on outcome mea- 
surements. For example, mice can have such a deformation that 
their MRI scans cannot be used. 


. When a single injection is sufficient to reach the desired dose, a 


fixed cannula guide is not needed. The cannula guide is not 
attached to the skull after injection and the skin is sutured. 


. Because of the protrusion of the cannula from the skull, the 


environment of the mouse might need adjustments. The can- 
nula can get stuck in cage enrichment and experimental setups 
might need adjusting (MRI-coil, behavioral assays). 


. Infusion cannula and tubing can be used multiple times, if 


cleaned with MilliQ water and 70% ethanol. 


. The air bubble in the tubing creates a barrier between the water 


and the AON. By filling up the dead volume with water, less 
AON is wasted. 


. Keep an eye on the temperature and breathing of the mouse. 


When the breathing pattern becomes too low, isoflurane 
should be decreased. If the mouse starts waking up (you can 
check by pinching its paw), increase the isoflurane. 


. Make sure that the primer is not past its expiration date, the 


cement will detach if the primer is out of date. The primer 
should be kept at 4 °C, but it should be room temperature 
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Fig. 2 MRI of mouse brains holding an ICV cannula. (a) Axial image of mouse brain depicting the lateral 
ventricles (La) showing the protrusion of the cannula (C, white dashed line) into the right lateral ventricle. (b) 
Axial image of mouse brain showing skull malformation by intrusion of cement (Ce, white dashed line) 


oppressing the brain 


Acknowledgments 


10. 


11. 


12. 


13. 


before applying. Make sure the skull is very dry before applying 
primer, if necessary use a cloth. 


It is important to add cement one layer at the time and let it set 
before adding a next layer. Build the cement a few millimeters 
up the cannula guide, but you still need to be able to screw the 
dummy onto the cannula guide. 


It happens that the dummy cannula is unscrewed from the 
cannula guide. This can be prevented by tightening the 
dummy onto the cannula guide using forceps. 


We found that mice can be placed back into group housing 
after cannula placement. 


Be careful with postmortem removal of the cannula guide, the 
inner part of the cannula guide can cause damage to the under- 
lying brain tissue if not removed properly. 
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tington. “Antisense oligonucleotide disease modifying treatment 
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for the advancement of antisense oligonucleotide treatment for 
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Intrathecal Delivery of Therapeutic Oligonucleotides 
for Potent Modulation of Gene Expression in the Central 
Nervous System 


Zachary Kennedy, James W. Gilbert, and Bruno M. D. C. Godinho 


Abstract 


Therapeutic oligonucleotides hold tremendous potential for treating central nervous system (CNS) dis- 
orders. The route of administration of oligonucleotides significantly impacts both distribution and silencing 
efficiency. Here, we describe a technically simple, clinically relevant method to administer oligonucleotide 
compounds into the CNS via direct intrathecal injections. This method achieves distribution throughout 
the CNS rapidly and permits high-throughput testing of oligonucleotide efficacy and potency in mammals. 


Keywords siRNA, Antisense oligonucleotides, CSF infusion, IT dosing, Intrathecal injections, Mod- 
ified oligonucleotides, Gene silencing, Therapeutic oligonucleotides, CNS administration 


1 Introduction 


Therapeutic oligonucleotides hold tremendous potential for treat- 
ing disorders of the central nervous system (CNS), but numerous 
factors can hinder the delivery of these compounds. Among the 
major determinants affecting delivery of drugs to the CNS is the 
route of administration. 

Drug delivery to the CNS can be performed through two 
general approaches: (a) systemic, where oligonucleotides are initi- 
ally delivered outside of the CNS, or (b) direct, where oligonucleo- 
tides are delivered directly within the CNS. Systemic delivery 
strategies (e.g., intravenous or subcutaneous) are technically simple 
and easy to perform, but require significantly higher doses and 
result in very low efficacy in the CNS, mostly due to the inability 
of oligonucleotides to pass the blood-brain barrier [1-3]. Direct 
delivery methods, on the other hand, are comparatively more tech- 
nical, but require much lower doses and enable significantly better 
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distribution, efficacy, and potency throughout the CNS than sys- 
temic methods [4, 5]. The most commonly used direct delivery 
methods, especially in rodent models, are intracerebroventricular 
(ICV) injections or lumbar intrathecal (IT) injections. 

From a technical perspective, IT injections are easier to perform 
than ICV injections—they require less setup/procedural time and 
do not require stereotactic equipment [6, 7]. IT administration is 
also favored from a clinical perspective because it is less invasive 
than ICV injections; IT injections do not require brain surgery and 
can be performed as an outpatient procedure. IT injections can be 
performed with or without a catheter. Currently, IT injections are 
the only clinically approved route of administration for therapeutic 
oligonucleotide treatment of CNS disorders [8]. 

Given its ability to deliver to the CNS, the comparatively quick 
operation time, and the clinical relevance of the route of adminis- 
tration, IT injections are an attractive delivery method for which to 
screen oligonucleotide compounds for CNS applications. In this 
chapter, we describe how to perform direct IT injections in mice 
without using a catheter. Special attention is given to the prepara- 
tion of the oligonucleotide compounds, prepping the mouse for 
the injections, and ensuring successful delivery. 


. SpeedVac?M concentrator. 
. NanoDrop™. 
. Bench top centrifuge. 


1 
2 
3 
4. 3 kDa cutoff Amicon spin column (0.5 mL or larger). 
5. 5 mM sterile calcium chloride (CaCl5) solution. 

6 


. Sterile phosphate-buffered saline (PBS). 


l. Gas tight Hamilton syringe, 25 pL 1702RN with a 30 G 
needle, 0.5 in. long, and point style 4 (12? angle bevel). 


. Electric shaver. 

. Dry bead sterilizer. 

. Weigh scale. 

. Cotton-tipped applicators ( Q-tips). 

. Eye lubricant. 

. Anesthetics (Isoflurane or Ketamine/Xylazine). 
. Analgesic (Ketoprofen or Meloxicam SR). 

. Antiseptic Povidone-Iodine Solution (5-109). 
. Ethanol solution (70%). 
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3 Methods 


3.1 Preparation of 
Test Oligonucleotides 


ll. Oligonucleotide preparation (antisense oligonucleotides, 
ASOs; small interfering RNAs, siRNAs) at desired 
concentration. 


12. Sterile gloves. 


Oligonucleotides must be prepared aseptically in a laminar flow 
cabinet to avoid contamination and maintain sterility. All proce- 
dures performed in live animals must be approved by the Institu- 
tional Animal Care and Use Committee (IACUC) prior to 
executing the experiment. 


It is recommended that test oligonucleotides be treated with a 
calcium solution to minimize acute in vivo toxicities (see Note 1). 
ASOs can be treated immediately after synthesis, whereas siRNAs 
should be treated after duplexing of the guide and passenger 
strands (see Note 2). 


l. Add the entire oligonucleotide solution into a 3 kDa cutoff 
Amicon spin column. For a 0.5-mL Amicon column, add 
~300 uL of 5 mM CaCl, solution, sterilized using an autoclave. 


2. Elute by centrifugation at 14,000 x gfor 10 min (min) at room 
temperature (RT) and discard the flow-through. Repeat steps 
land 2. 


3. Remove excess CaCb, add ~400 uL of nuclease-free water, 
centrifuge at 14,000 x g for 10 min at RT, and discard flow- 
through. Repeat this step. 


4. Wash compounds by adding ~400 uL of 1x sterile PBS, cen- 
trifuge at 14,000 x g for 10 min at RT, and discard flow- 
through. 


5. Transfer compounds to sterile tubes by adding 1x PBS to the 
Amicon column and mixing the solution up and down (see 
Note 3). To recover as much compound as possible, invert 
the Amicon filters into the collection tubes and centrifuge at 
2000 x g for 5 min at RT. 


6. Determine the concentration of the test oligonucleotide prep- 
aration using a NanoDrop?M. Adjust to the desired concentra- 
tion using sterile 1x PBS. 


While the aforementioned CaCl, wash steps minimize toxicity, 
recovery of oligonucleotides from the columns is often incomplete, 
resulting in reduced yields. If the initial amount of oligonucleotides 
is low, an alternative strategy would be to evaporate oligonucleo- 
tides in SpeedVac (using the no temperature option for drying rate) 
and resuspend at the desired concentration with the chosen buffer. 
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3.2 Direct Intrathecal 
Injection 


l. 


10. 


11. 


Gather all materials and set up a clean area for the procedure. If 
possible, the procedure should be done in a laminar flow cabi- 
net (Fig. 1a). 


. Record the weight of each animal. This is important to perform 


prior to injections, in order to monitor the well-being of the 
animal after the procedure concludes. 


. Anesthetize the mouse according to the approved IACUC 


protocol (e.g., isoflurane, ketamine/xylazine, avertin). If iso- 
flurane is used, induction is carried out with 4—596, and main- 
tenance with 1.5% by continuous administration through a 
nose cone. 


. Ensure the mouse is sufficiently sedated by gently pinching 


hind paws. If properly sedated, the mouse should not respond 
to the pinch. 


. Cover both the eyes with eye lubricant using a sterile cotton- 


tipped applicator. 


. Using an electric shaver, shave hair around the lower spine, 


starting from the base of the tail and spanning an area approxi- 
mately 3 x 3 cm. 


. Clean the shaved area with an antiseptic 5-10% povidone- 


iodine solution, then wipe with 70% ethanol. Repeat this step 
three times. 


. Place a 15-mL conical tube under the abdomen of the mouse 


to expose a bigger area of the interspinous ligament, which is 
punctured by the needle to access the intradural space (see 
Fig. 1b). Positioning the mouse on a 15-mL conical tube also 
makes it easier to find and grasp the iliac crest. 


. Identify the iliac crest by finding the two pits formed at the 


interface of the muscle and the hip bone (see Fig. 1b, black 
dotted lines). 


The injection site (L5-L6) will be directly above the iliac crest 
(marked with an asterisk in Fig. 1b). Determine the position of 
the L6 vertebra by identifying the most protruding spinal 
process (see Fig. 1b). Injection at this position reduces the 
possibility of spinal damage, since this site is where the spinal 
cord ends and the cauda equina begins. 


Prepare and load the Hamilton Syringe with a test compound 
(5-10 pL) (see Note 4). The same syringe can be used for 
multiple animals; however, use only one syringe per compound 
to avoid cross contamination. Syringes should be cleaned and 
the tip sterilized in the bead sterilizer between animals (see 
Note 5). 
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Fig. 1 Intrathecal injection procedures. (a) Setup and materials needed for intrathecal injections. (b) Placement 
of anesthetized mice. After shaving the mice, the mouse is placed on a 15-mL conical tube placed under the 
lower stomach, allowing for easy visualization of the hip and spinal cord protrusions. Asterisk indicates 
injection site. Dotted lines indicate the superficial depression formed by spinal cord and iliac crests. (c) 
Placement of hands during procedure. Mouse is grasped by pinching the hips and lifting slightly, allowing for 
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12. Grasp the animal by pinching just above the hips, taking care to 
ensure that the tail is visible (see Fig. 1c). 


13. Insert the needle between the groove of L5 and L6 vertebrae at 
a ~30° angle, and to a depth of approximately 0.5 cm. Once the 
needle has successfully entered the intradural space, the tail of 
the mouse will move or “flick” (see Note 6, and Fig. 1c, d). 


14. After observation of the tail flick, slowly and continuously 
inject oligonucleotides. After the entire volume of test oligo- 
nucleotide has been injected, keep the needle in the intradural 
space for 5-10 s to prevent or reduce backflow. 


15. Carefully remove the needle and inspect the site for backflow. 
16. Administer analgesia as per IACUC protocol. 


17. Return the animal to its cage and monitor for pain and discom- 
fort for at least 30 min. Until animals regain sternal recum- 
bency, supplemental heat should be provided. This can be 
achieved by keeping the cage on top ofa heating pad. Monitor 
animals daily for 3 days after the procedure, and weekly there- 
after. IT injections may be repeated as necessary (see Notes 7 


and 8). 


When establishing this methodology in the lab, it is recom- 
mended to first practice using Evans blue dye. A successful injection 
will result in immediate distribution of the dye throughout the 
spinal cord and periphery of the brain (see Fig. le). It is also 
important to consider that distribution of therapeutic oligonucleo- 
tides is highly dependent on its conjugated ligand modality. Thus, 
in studies investigating biodistribution, oligonucleotides are often 
labeled with fluorescent tags, such as Cy3. Figure 2 shows the 
distribution of a Cy3-labeled Di-siRNA scaffold (20 nmol in 
10 pL) 48 h after a single IT injection. 


3.3 Suggestions for For microscopy, the whole spine may be fixed in decalcifier/forma- 

Tissue Collection and lin after perfusion of the animal with cold 1x PBS. For RNA and 

Processing protein analyses, the spinal cord can be either dissected or flushed 
out of the spine. After identifying the different segments of the 
spinal cord, these can be divided longitudinally to generate two 
samples per region for: (1) RNA assessment and (2) protein evalu- 
ation. RNA analyses can be carried out by RT-qPCR, bDNA, or 
other methods. Protein analyses can be performed by Western blot, 
ELISA, or other methods. 


ae 


Fig. 1 (continued) maximum exposure of the cartilage between the L4 and L5 spinal segments. Successful 
needle insertion is often accompanied with a subtle tail-flick, which can be observed at the base of the tail or 
the very tip (see arrows), (d) Placement of needle during procedure. Dotted lines indicate the superficial 
depression formed by the spinal cord and iliac crest, where the hip meets the spinal cord. (e) Ventral view of 
brain and spinal cord immediately after IT injection of Evans blue dye 
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Fig. 2 Distribution pattern of Cy3-labeled oligonucleotide within the spinal cord. 
Horizontal cross sections of spinal cord segments following intrathecal injection 
of Cy3 labeled Di-siRNA oligonucleotides (20 nmol). Mice were euthanized 48 h 
post injection and tissues processed for microscopy. Tiled fluorescent images 
were acquired using 10x objective and displayed as overlay images: Cyan 
(DAPI, Nuclei), red (Cy3-labeled oligo). Scale bar 1 mm 


4 Notes 


1. Upon injection into the CSF, the negatively charged phosphate 
backbone of therapeutic oligonucleotides can rapidly sequester 
divalent ions (Ca?*, Mg?*), causing acute adverse events (e.g., 
seizures). To minimize toxicity in vivo, a calcium treatment can 
be performed to saturate every phosphate position. 


2. ASOs and siRNAs can be either synthesized in-house or 
acquired through a vendor or a contract research organization. 
Iftest oligonucleotides are delivered in dried form, they should 
be resuspended in nuclease-free water or other appropriate 
buffers. In the case of siRNA, guide and passenger strands 
can be annealed in equimolar amounts after the determination 
of initial concentration. 
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3. To ensure compounds are not overdiluted, it is important to 


start with small volumes (e.g., 50-100 uL) and wash the filter 
several times. 


. Based on previous literature, we found that 10 uL injections in 


adult mice are well-tolerated and do not cause neuronal loss, 
astrogliosis, or microgliosis [9]. We do not recommend inject- 
ing in less than 5 pL due to higher chance of pipetting error 
while preparing the compounds. 


. Syringes should be cleaned right after use to avoid clogging. 


Rinse the syringe with: Milli-Q purified (or deionized) water 
(5x), diluted Hamilton cleaning solution (P/N 18311) (5x), 
then Milli-Q purified (or deionized) water (5x ) again. Sterilize 
the tip by dipping it on a dry bead sterilizer for 15-20 s and 
allow it to cool. Rinse the syringe with 1x PBS before drawing 
the compound for the next injection. Disinfectants, such as 
Microcide SQ? (P/N 3995-01), can be used to eliminate a 
variety of common bacteria, fungi, and viruses. Before storage, 
and after using a cleansing agent or disinfectant, rinse with 
Milli-Q purified (or deionized) water and with acetone. Air 
dry and store in case. 


. The flick of the tail can be very subtle; while advancing the 


needle into the skin, it is important to focus your attention on 
the tail. If the tail flick event is missed, and the needle is pulled 
back and re-inserted, the likelihood of observing a tail flick on a 
second attempt is significantly lower. Tail flicks are somewhat 
inversely correlated with the deepness of the anesthesia—very 
deep anesthesia will make it harder to see the tail flick event 
occur. 


. Immediately after the procedure, mice should be warmed with 


thermal support (ie., a heating pad or a heat lamp) and 
observed until they are ambulatory. After mice are ambulatory, 
return mice to their cages and make sure food and water are 
easily accessible to mice. This can be achieved by adding food 
pellets to the floor of the cage and supplanting the cage with gel 
water. After the procedure, mice should be monitored at least 
once every 24 h for 3 days. Monitor for signs of stress that 
could indicate pain, including weight loss, lethargy, reduction 
in rearing behavior, excessive barbering, urine stain, and 
changes in behavior. If at any point, the mice show signs of 
pain, they should be given analgesics or euthanized in accor- 
dance with the IACUC-approved protocol. 


. Depending on the dosing strategy and the individual IACUC 


protocol, IT injections can be performed on a single mouse up 
to three times per 24 h. 
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Abstract 


During the last decade, therapeutic oligonucleotide drugs (OND) have witnessed a tremendous develop- 
ment in chemistry and mechanistic understanding that have translated into successful clinical applications. 
Depending on the specific OND mechanism, chemistry, and design, the DMPK and toxicity properties can 
vary significantly between different OND classes and delivery approaches, the latter including lipid for- 
mulations or conjugation approaches to enhance productive OND uptake. At the same time, with the only 
difference between compounds being the nucleobase sequence, ONDs with same mechanism of action, 
chemistry, and design show relatively consistent behavior, allowing certain extrapolations between com- 
pounds within an OND class. This chapter provides a summary of the most common toxicities, the 
improved mechanistic understanding and the safety assessment activities performed for therapeutic oligo- 
nucleotides during the drug discovery and development process. Several of the considerations described for 
therapeutic applications should also be of value for the scientists mainly using oligonucleotides as research 
tools to explore various biological processes. 


Keywords Oligonucleotide drugs, ASO, siRNA, Antisense, Non-clinical safety assessment, Preclinical 
safety assessment, Toxicity 


1 Introduction: Oligo Classes, Chemistries, and Designs 


Oligonucleotide drugs (OND) of different classes range from 
10-12 up to 100 nucleotides in length, often with chemical mod- 
ifications of the backbone and ribose sugar. The chemistry and 
design used are dictated by the desired mechanism of action, result- 
ing in different classes of therapeutic oligos with specific properties. 
The most common classes in clinical studies target RNA and rely on 
Watson-Crick hybridization for selectivity and affinity, where anti- 
sense oligonucleotides (ASOs) and short interfering RNAs (siR- 
NAs) are the most common, with several examples of approved 
products [1, 2]. 

ASOs are single-stranded ONDs of 12-20 nucleotides in 
length, often with a phosphorothioate (PS) backbone and 2'ribose 
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modifications like OMe, MOE, LNA, and cEt that improve drug 
properties like metabolic stability, tissue uptake, and increased 
affinity to the target transcript [3-5]. The ASO class can be further 
subdivided into ASO gapmers that trigger RNase H-mediated 
cleavage and degradation of target transcripts and steric blocking 
ASOs that modulate splicing events or inhibit activity of, e.g., 
microRNA (miR) [6-8]. For ASOs with a steric blocking activity, 
use of other chemistries resulting in neutral backbones like Phos- 
phorodiamidate Morpholinos (PMO), Peptide nucleic acids (PNA) 
and tricyclo-DNA (tcDNA) is possible and quite common [9-13]. 

siRNAs and microRNA-mimics have a double-stranded design 
with each strand approximately 20-24 nucleotides in length and 
rely on loading of the antisense strand into RISC for activity 
[14, 15]. The design of siRNA results in cleavage and subsequent 
degradation of the target transcript, whereas miR mimics regulate 
gene expression by binding to miR sites in mRNA, inducing deg- 
radation and regulating protein translation [8 ]. 

In addition to hybridization dependent ASOs, miR mimics, 
and siRNA, there are several classes of hybridization independent 
ONDs including aptamers [16, 17] and immunostimulatory CpG 
oligos [18-21]. Rather than binding to RNA, the three- 
dimensional structure of folded RNA of a given sequence is com- 
bined with chemical modifications to achieve specific binding to 
proteins. Other therapeutic approaches such as mRNA therapy and 
the guide RNA in various gene editing approaches (e.g., CRISPR/ 
CAS9) utilize nucleotides and but are commonly not classified 
as ONDs. 

This chapter will focus on safety assessment of the hybridiza- 
tion dependent PS backbone ASOs and siRNA. 


The activity of ASOs, siRNA, and miR mimics rely on reaching the 
interior of the target cells. Uptake per se is not enough; the oligo 
needs to access the right subcellular compartments for activity, e.g., 
the cytosol for RISC loading or the nucleus for splice modulation 
or RNase H activity. Cellular uptake leading to pharmacodynamic 
effects are often referred to as *productive uptake" [22-24]. For 
ASOs, the best productive uptake after systemic delivery is often 
observed in the liver, in particular hepatocytes [24, 25]. Early 
siRNA candidates were delivered in protective formulations that 
also showed best uptake into hepatocytes [26]. Local delivery has 
successfully been used to bypass the blood-brain barrier, resulting 
in good therapeutic effects after local delivery to CNS [27-29 ], and 
the eye [30-33]. However, for use of therapeutic oligos beyond 
hepatocytes [3, 5, 34-37] and local delivery, achieving sufficient 
productive uptake has become one of the biggest challenges and 
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numerous ways to overcome this has been proposed [36, 38, 
39]. One approach is delivery in different types of formulations 
like the lipid nanoparticle (LNP) used to deliver Onpattro [26], the 
first siRNA receiving regulatory approval by FDA in 2018 
[40]. However, although efficient delivery at low doses can be 
achieved, the LNP triggers proinflammatory flu-like responses 
that are managed by pre-medication before administration 
[41 ]. Since discovery of this LNP, a number of alternative formula- 
tions have been presented with different tissue distribution and 
improved efficacy:safety relationship. 

An alternative way to improve the productive uptake is conju- 
gation of the oligo to a targeting ligand, utilizing binding to cell 
surface receptors that internalize the oligo conjugate. An excellent 
example of this strategy is conjugation of the GalNAc carbohydrate, 
resulting in significantly improvements in productive uptake of 
both siRNA and ASOs [42, 43]. This GalNAc-mediated improve- 
ment in productive uptake is mediated by the binding of the 
conjugate to the asialoglycoprotein receptor (ASGR), which mainly 
is expressed on hepatocytes. Although non-conjugated ASOs show 
hepatocyte activity, adding GalNAc conjugates increased the 
clinical potency 20—30-fold for several re-formatted ASOs with 
hepatocyte targets [44]. Combining GalNAc conjugation with 
nuclease-resisting chemical stabilization has led to a tremendous 
increase in the utility of siRNA in the clinic, with several recent 
approvals with no need for the pre-medication required for LNP 
formulated Onpattro [2]. 


3 Safety Assessment of Therapeutic Oligos 


The focus of this chapter is the preclinical safety assessment of 
therapeutic oligos intended to enter clinical trials to get regulatory 
approval for use in patients. With increasing experience and mech- 
anistic understanding, screening cascades, study designs and data 
interpretations for ONDs are constantly improving, leading to 
more potent clinical candidates with better safety profiles. As 
described below, safety assessment of clinical OND candidates is a 
highly regulated process that at first sight could be of less interest 
for scientists primarily using oligonucleotides as tools to dissect and 
understand basic biological process. However, several of the con- 
siderations for bringing safe candidates to clinical trials could also 
be of value when developing optimal tool oligos and study designs 
for basic research. This includes cross species activity, restricted 
uptake distribution, long tissue half-life and effect duration, hybri- 
dization dependent off-target effects and the need to screen away 
from sequence dependent toxicities. 
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3.1 Discovery Phase: 
Selecting the Oligo 
Candidate with the 
Best Balance Between 
Potency and Safety 


3.1.1 Sequence and 
Hybridization Dependent 
Effects: Assessing On- and 
Off-Target Safety 


The potential safety concerns with therapeutic oligos can be 
divided into: 


1. Sequence and hybridization dependent (Sect. 3.1.1). 
2. Sequence and hybridization independent (Sect. 3.1.2). 


3. Sequence dependent, but hybridization independent 
(Sect. 3.1.3). 


On-target toxicities, also known as exaggerated pharmacology, are 
dependent on sequence and RNA hybridization for ASOs, siRNA, 
and miR mimics. It can manifest in too strong intended effect or an 
adverse consequence of the pharmacological response in an unin- 
tended organ. A first assessment of potential on-target safety risks 
should be a theoretical exercise compiling available information on 
the biological role, tissue expression pattern, competitor informa- 
tion, etc. to assess the likelihood and potential adverse impact of the 
identified risks in the intended patient population. Considerations 
for assessing on-target toxicities for ONDs has been discussed by 
Kornbrust et al. [45]. 

Another safety concern dependent on Watson-Crick base pair- 
ing is hybridization dependent off-target risks. In contrast to the 
risk for on-target toxicity described above where the oligo has the 
intended, but exaggerated activity, this off-target risk relates to 
oligo activity on other transcripts than the intended target. Key 
features determining likelihood for hybridization dependent off- 
target effects have been discussed in depth elsewhere [46-50] and 
several recommendations [51] are summarized below: 


l. Identify candidates for off-target hybridization by in silico 
screening of the entire transcriptome of the pre-mRNA. 


2.In vitro confirmation: experimentally assess potency of 
sequences meeting the in silico criteria in vitro, establishing 
margins to activity on the primary target transcript. 


3. For off-targets with insufficient in vitro margins, assess poten- 
tial consequences using the principles for on-target safety 
assessment. 


There are some specific considerations when assessing potential 
hybridization-dependent safety concerns. First, due to species dif- 
ferences in sequence, it is often difficult to achieve pharmacological 
activity with the same OND in other species and it is common 
practice to use surrogate molecules with sufficient potency in the 
model species of choice. 

Second, the chemical modifications used in therapeutic oligos 
lead to slow tissue elimination and extended effect duration 
[52]. This is convenient from a delivery perspective, but the wash- 
out period needed for the adverse effects to cease would be equally 
long should on- or off-target toxicities be observed. 


3.1.2 Sequence and 
Hybridization Independent 
Effects: Coagulation Time 
and Complement Activation 


3.1.3 Sequence 
Dependent, But 
Hybridization Independent: 
Inflammation, Liver, and 
Kidney Toxicities 
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Third, the restricted productive uptake of ASOs and siRNA to 
many cell types needs to be considered, as there is a large difference 
in the uptake between different cells and tissues. The oligo distri- 
bution can change with other administration routes and delivery 
systems like conjugates or formulations, so understanding the pro- 
ductive uptake distribution for such new conditions is critical for 
proper risk assessment of potential on- and off- target toxicities. 


A couple of toxicities that are dependent on plasma Cmax but 
independent of both hybridization and sequence can be observed 
at relative high doses of PS backbone ASOs. This includes prolon- 
gation of coagulation time and activation of the alternative com- 
plement system. Acutely, activation of the alternative complement 
system can lead to significant drops in blood pressure. Repeated 
complement activation can result in “consumption” of comple- 
ment factor C3 with impaired complement-mediated clearance of 
antibody aggregates resulting in vascular inflammation [53]. Data 
from in vitro, in vivo, and clinical studies clearly show that cyno- 
molgus monkeys are significantly more sensitive than humans for 
this lowered threshold of complement activation [54, 55]. 

Both these effects are driven by the plasma Cmax levels [56-60] 
and transient in nature. With increased potency of modern ASOs 
and adapted dosing in current clinical studies, plasma concentra- 
tions rarely exceed these activation thresholds [55, 61, 62]. 


In contrast to these plasma C,,,,-driven effects, other hybridization 
independent toxicities are highly dependent on the OND 
sequence. This includes proinflammatory manifestations and 
effects in high exposure organs such as liver and kidney that can 
sometimes be observed during the discovery phase. For siRNA, 
liver toxicity has been explained to be caused by off-target effects in 
the seed-region of the siRNA [48]. For PS backbone ASOs, liver 
toxicity is more frequently observed with higher affinity chemistry 
like LNA and cEt. It is clear from a number of published and 
unpublished observations that this liver toxicity observed during 
the screening process of PS backbone ASO gapmers is mot caused by 
knockdown of the intended target transcript or liver concentration 
per se, see e.g. [63]. ASO sequence motifs associated with liver tox 
[64, 65] and different molecular mechanisms have been proposed, 
including cell death as a cellular consequence to exaggerated RNase 
H activity resulting from non-selective hybridization [66, 67]. An 
alternative mechanism proposed involves PS backbone-dependent 
binding to key intracellular proteins in a sequence and chemistry- 
dependent manner. Being more hydrophobic, the higher affinity 
modifications showing higher incidence of liver toxicity also show 
higher affinity to a number of intracellular proteins compared to the 
same sequence with, e.g., MOE chemistry [68-71]. Importantly, 
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predictive in vitro models for liver and kidney toxicity have been 
developed [67, 72, 73], and design modifications reducing ASO 
toxicity without compromising potency have been proposed 
[69, 74] demonstrating that highly potent ASO sequences that 
do not show liver toxicity can be identified and progressed to 
clinical trials. 

Immune-stimulatory effects have long been a prominent fea- 
ture of ONDs, where responses may vary widely between species 
and depend on oligonucleotide design and sequence, as well as 
chemical modifications [75-85]. The immunomodulatory poten- 
tial can deliberately be used to design nucleotide-based immu- 
notherapies and vaccine adjuvants, often harboring so-called CpG 
motifs [18-21], but for most other OND these effects are 
unwanted. Despite avoiding established CpG motifs in the design 
phase, some therapeutic oligos induce clear proinflammatory 
effects that can show in several different ways in the clinic, including 
injection site or infusion related reactions, flu-like symptoms and 
thrombocytopenia [86-90]. These effects are dose-dependent and 
can occur at different time points after first administration of the 
drug. Rodents are particularly sensitive to the immunostimulatory 
effects of ONDs [91, 92]. Similar to the liver toxicity described 
above, oligo sequence is a key parameter defining the proinflamma- 
tory property of therapeutic oligos and subtle and systematic 
sequence modifications to a proinflammatory ASO resulted in 
clear differences in proinflammatory potential [93]. Chemical 
modifications can modify the immune stimulatory potential of 
ONDs of a given sequence: PS modification of the backbone has 
long been known to increase the immune stimulatory properties of 
ONDs [80, 85, 94], whereas the neutral backbone in PMOs does 
not evoke an immune response [95]. 5'-methylation of cytosine is 
frequently used to suppress the immune stimulatory effect of CpG 
DNA sequences [76, 79]. 2'OMe modification of ssRNA or siRNA 
sequences inhibit immune stimulation, whereby even single mod- 
ifications can significantly reduce the cytokine upregulation 
(78, 84]. Other 2’ribose modifications (2’F, 2H, 22MOE, LNA) 
have also been described to reduce proinflammatory effects 
[76, 83]. Therapeutic oligos administered in lipid formulations 
have been shown to induce inflammatory responses, and humans 
seem to be more sensitive to these effects than both rodents and 
NHPs [96-98]. 

Thrombocytopenia (TCP), i.e., low concentration of circulat- 
ing platelets, has been observed in NHP toxicity studies with ASOs. 
In most cases, the platelet counts show around 30% reduction from 
baseline and then stabilize at a non-adverse level. However, in some 
drug programs, a few individual monkeys have experienced severe 
TCP [99]. Severe TCP was observed in the phase 3 studies for 
volanesorsen and inotersen as well as for drisapersen [86, 100, 
101]. These TCP events occurred in the highest dose group, and 
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platelet counts increased after drug cessation. A combination of 
high dose of proinflammatory ASOs and possibly patient suscepti- 
bility factors seem to be the most likely cause: a high frequency of 
severe TCP in cynomolgus monkeys of Mauritian origin whereas no 
cases of severe TCP were observed when the same ASO was given 
to non-Mauritian cynomolgus monkeys in a follow-up study [102 ]. 


Strategies for preclinical safety assessment of therapeutic oligos 
have been discussed elsewhere [22, 89]. Results from a survey 
across 23 companies developing therapeutic oligos performed in 
2018 showed that most companies follow the two species small 
molecule approach as outlined by the ICH M3(R2) guideline 
[103]. Although a guideline recently was adopted by Japanese 
regulators, most health authorities lack formal regulatory guide- 
lines for therapeutic oligos, so the expectations and experience may 
vary between regions and even within health authorities 
[103]. However, white papers published by cross-pharma groups 
like OSWG (Oligo Safety Working Group) on best practice recom- 
mendations are frequently used as informal guidelines [45, 51, 96, 
104—110]. 

For the common situation with a human active candidate hav- 
ing limited cross-species activity for meaningful assessment of 
potential on-target toxicity, a surrogate molecule can be included 
in parallel to the clinical candidate. Such surrogate molecules 
should be ofthe same design and chemistry as the clinical candidate 
and have a good general safety profile to allow meaningful assess- 
ment and documentation of potential on-target toxicities. Such 
surrogate molecules are mostly designed to be active in the rodent 
species of choice. 

Despite lack of positive results in regulatory genotoxicity stud- 
ies as discussed in the OSWG white paper by Berman et al. [105], 
several health authorities still request in vitro and in vivo assessment 
of genotoxicity [103]. 

For small molecules, in vitro and in vivo safety pharmacology 
studies are important to rule out adverse functional effects on key 
organs such as the CNS, cardiovascular and respiratory systems. 
Safety pharmacology assessment has been discussed in another 
OSWG white paper [106]. To the knowledge of the author, there 
is no information on systemically administered ASOs or siRNA 
showing activity in vitro or in vivo safety pharmacology studies, 
including activity on the hERG channel or any other ion channels 
important for cardiovascular or neuronal function. However, direct 
delivery into heart and CNS is a different story and could result in 
functional effects. 

Similar to small molecules, the general toxicity studies for ASOs 
and siRNA are performed in a rodent and a non-rodent species. 
The duration of these Good Laboratory Practice (GLP) studies 
range from 1 to 3 months in the beginning of a program to chronic 
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studies of 6 and 9 months in duration for rodents and non-rodents, 
respectively. For double-stranded siRNA and microRNA mimics, 
the rat is by far the most commonly used rodent species whereas the 
mouse is rodent species of choice for most single stranded PS 
backbone ASO candidates [103]. Although rat is the most com- 
mon rodent for toxicity studies of small molecules, rat specific 
lesions like Chronic Progressive Nephropathy (CPN) [91, 92] are 
aggravated by the high kidney concentrations resulting from sys- 
temic delivery of PS backbone ASO. CPN is of no human relevance 
[111] but can become problematic in toxicity studies of long 
duration. 

Due to the highest likelihood of sequence-dependent crossover 
on activity and a robust historical background record, the 
non-human primate (NHP), is by far the most common 
non-rodent species used for both ASO and siRNA candidates, but 
other non-rodents have been evaluated [103], including the pig 
[112]. Other in vivo studies required before regulatory approval 
include developmental and reproductive toxicology studies 
(DART) and carcinogenicity studies. Considerations for the 
DART studies are described in an OSWG white paper [108] and 
is normally run in mouse, rat or rabbit. Carcinogenicity studies are 
commonly run as a lifelong (2 years) studies in rat and mice or a 
2-year study in rat combined with a 6-month study in a transgenic 
mouse model. The relevance of these carcinogenicity studies for 
ASOs and siRNA has been questioned, but most health authorities 
are likely waiting for more data before discussing whether these 
studies can get a waiver or not. 


Several of the oligonucleotide products approved to date (e.g., 
eteplirsen, mipomersen, inotersen, volanesorsen) are aimed at 
treating rare, often genetic diseases for which no alternative treat- 
ment is available. In such cases, the presence of some safety signals 
has been judged to be acceptable. However, with some recent 
projects aiming at targeting significantly larger populations with 
more common disease, like the cholesterol-lowering siRNA incli- 
siran targeting PCSK9 and for which other treatments exist, 
the risk:benefit assessment will likely be different. At the same 
time as ONDs are considered for much larger and broader patient 
populations than before, exciting opportunities on the other end of 
the patient population spectrum are emerging. Milasen is a splice 
modulating ASO developed to treat a fatal neurodegenerative con- 
dition unique to a single patient [113]. With increasingly refined 
and optimized screening cascades, OND treatments for N — 1 and 
other ultrarare conditions will most likely become more common 
practice. 

In summary, safety of ONDs depend on sequence, chemistry, 
design, and delivery approach. Several properties like limited spe- 
cies cross-reactivity, long tissue half-life and restricted productive 
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uptake distribution needs to be considered when designing inter- 
preting results for hybridization dependent on — and off-target 
safety assessment studies. Together with liver and kidney toxicity, 
proinflammatory effects are the most commonly observed safety 
findings in preclinical studies. With improved mechanistic under- 
standing and screening approaches, more potent OND candidates 
with better safety profile can be identified for treatment of an 
increasing range of diseases and patient populations. 
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Abstract 


Antisense oligonucleotides (ASO) therapeutics hold great promise for the treatment of numerous diseases, 
and several ASO drugs have now reached market approval, confirming the potential of this approach. 
However, some candidates have also failed, due to limited biodistribution/uptake and poor safety profile. 
In pursuit of better delivery and higher cellular uptake, ASO are being optimized, and new chemistries are 
developed or conjugated with various ligands. While these developments may lead to candidates with 
higher potency, it is important to keep the safety aspects in sight and screen for potential toxicity in early 
phases of preclinical development to avoid subsequent failure in clinical development. Our understanding 
of ASO-mediated toxicity keeps improving with increased preclinical and clinical data available. In this 
chapter, we will focus on the assessment of renal toxicity in mice and describe methods to measure the levels 
of general urinary biomarkers as well as acute kidney injury biomarkers following ASO treatment. 


Key words Antisense oligonucleotides (ASO), Safety, Toxicology, Kidney toxicity, Acute kidney 
injury biomarker, Preclinical evaluation, Mouse model 


1 Introduction 


The field of synthetic antisense oligonucleotide (ASO) has 
advanced remarkably in the last decade, and ASOs represent a 
very promising therapeutic platform that keeps evolving rapidly, 
in particular in pursuit of delivery improvement. Many preclinical 
studies in the antisense area focus on improving ASO delivery and 
assessing their efficacy in target tissues, often neglecting the evalua- 
tion of toxicity, at least in early phases of development. However, 
safety assessment is particularly important when developing new 
generations of ASOs or novel delivery systems to avoid the poten- 
tial falure of a new drug in further toxicological studies, as it 
happened with a peptide conjugated PMO (PPMO) targeting the 
human dystrophin exon 50 which was found to cause mild tubular 
degeneration in the kidneys of cynomolgus monkeys [1 J. 
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Toxicological properties of ASO have been comprehensively 
and extensively summarized previously [2, 3], and our understand- 
ing of them has allowed the development of predictive tests to 
select the best preclinical candidates. 

Following systemic administration, the highest concentrations 
of ASO, independently of their chemistry, are found in liver and 
kidney, which are therefore considered as high-exposure organs. 
Importantly, tissue concentration does not further increase upon 
re-administration once steady-state is reached [2]. Accumulated 
ASOs can often be visualized at the histopathology level as baso- 
philic granules on tissue sections stained with hematoxylin and 
eosin, but these effects are regarded as nonadverse because of 
their reversible nature upon treatment cessation. In rodents treated 
with high dose of PS-ASO, it is also frequent to observe tissue 
macrophages with a foamy appearance, referred to as histiocytes, 
which store cytokines in response to an activated state [3]. 

Considering the high concentrations of ASO accumulating in 
the kidneys, including the charge-neutral backbone such as PMO 
[4, 5], they are regarded as a common organ for toxicity. The 
highest uptake is generally observed in the proximal tubular epithe- 
lial cells of the convoluted tubule, whereas uptake in tubular cells in 
kidney medulla is much lower [6, 7]. Renal effects therefore tend to 
be more tubular than glomerular, apart from the reported glomer- 
ulopathies in mouse and monkey studies with the 2/OMe PS Dri- 
sapersen developed for the treatment of DMD [8]. However, it 
appears that this toxicity was linked to the chronic complement 
activation and inflammatory effects of the ASO and therefore over- 
predicted in animal studies since humans are less susceptible to 
these effects. Much more common are the lesions observed in the 
proximal tubules, which typically appear in animals treated with 
much higher doses of ASOs than the clinically relevant doses. Renal 
toxicity is mostly regarded as an accumulation-related toxicity and 
mostly sequence unspecific, except for more acute tubular lesions 
reported with high-affinity ASO such as locked nucleic acid (LNA) 
[9]. These effects might be related to excessive accumulation of 
RNase H-dependent off-target transcripts and/or specific protein 
binding [2] and a predictive EGF-based assay has recently been 
developed to exclude this type of kidney-toxic candidates [10]. 

Besides this EGF-based assay, several specific and early biomar- 
kers of toxicity can be evaluated in mice (treated with high doses of 
ASO) to predict toxicity in preclinical development and exclude 
nephrotoxic candidates [8 ]. Evaluation of renal toxicology typically 
includes macroscopic examination of the kidneys upon necropsy of 
the animals followed by microscopic examination and careful his- 
topathology analysis. General biomarkers of renal toxicity can be 
measured in the serum or plasma of treated mice such as urea, 
albumin, creatinine, and total protein. In this chapter, we focus 
on urinary biomarkers of kidney toxicity and describe the methods 


2 Materials 


21 Evaluation of 
Creatinine Levels 
in Urine 


22 Evaluation of 
Total Protein Level 
in Urine 


23 Evaluation of 
Albumin Level in Urine 


24 Evaluation of 
Acute Kidney Injury 
Biomarkers (AKI) Level 
in Urine 
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to measure the levels of total protein, albumin, creatinine as well as 
specific kidney injury biomarkers as a way of evaluating the poten- 
tial renal toxicity of antisense oligonucleotides in mice. For this 
assessment, urines are collected from ASO-treated mice either 
shortly after ASO injection to evaluate the potential acute kidney 
toxicity or after several weeks of repeated treatment to evaluate the 
potential long term renal toxicity induced by the accumulation of 
ASO in kidneys. 


For all analysis described in this chapter, urine is collected using 
metabolic cages for rodents (e.g., metabolic cages for mice ref. 
52-6731, Harvard apparatus, Holliston, MA). 


. Creatinine assay kit (see Note 1). 
. Microplate reader capable of measuring absorbance at 490 nm. 


. Deionized or distilled water. 


A uo N- 


. Test tubes for dilution of standards and samples. 


. Deionized or distilled water. 

. Acetone (pre-chilled overnight at —20 °C). 

. Microplate reader capable of measuring absorbance at 562 nm. 
. Pierce BCA assay (see Note 2). 


. Test tubes for dilution of standards and samples. 


an FW NH Fe 


. Clear polystyrene microplates (96 well). 


1. Albumin ELISA kit (see Note 3). 

2. Microplate reader capable of measuring absorbance at 450 nm. 
3. Deionized or distilled water. 
4 


. Test tubes for dilution of standards and samples. 


l. Multiplex kidney injury panels (panel 1: MKT1MAG-94K and 
panel 2: MKI2MAG-94K, Merck-Millipore). 


2. Luminex xMAP® technology compatible reader such as Lumi- 
nex 2007€, HTS, FLEXMAP 3D? or MAGPIX® with xPO- 
NENT™ software or Bio-Plex manager 6.1 software. 


3. Automatic plate washer for magnetic beads (such as BioTek^ 
405 LS and 405 TS, EMD Millipore catalog 340—094, 
340—095, 140—096, 140—097, or equivalent) or handheld 
magnetic separation block (EMD Millipore catalog #40-285 
or equivalent). 
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3 Methods 


3.1 Evaluation of 
Creatinine Levels 
in Urine 


4. 


Luminex sheath fluid (EMD Millipore catalog # SHEATH 
FLUID ) or Luminex drive fluid (EMD Millipore catalog 
#MPXDF-4PK). 


. Adjustable pipettes with tips capable of delivering 25-1000 pL. 
. Multichannel pipettes capable of delivering 5-50 pL or 


25-200 pL. 


. Reagent reservoirs. 

. Polypropylene microfuge tubes. 

. Rubber bands. 

. Aluminum foil. 

. Absorbent pads. 

. Laboratory vortex mixer. 

. Titer plate shaker (Lab-Line Instruments Model #4625 or 


equivalent). 


. Collect urine using metabolic cages over 24 h, directly in 


refrigerated tubes (4 °C). 


2. Record the total volume of collected urine. 


4. 


. Upon collection, centrifuge urines at 10,000 x g for 10 min 


and aliquot supernatant. 


Freeze aliquots at —80 °C for further analysis (Fig. 1) (see Note 
4). 


Urine creatinine is measured using a creatinine assay kit (in our case 
R&D Systems), based on the Jaffe reaction where creatinine is 
treated with an alkaline solution to yield a bright orange-red com- 
plex. Intensity of the color at 490 nm corresponds to the concen- 
tration of creatinine in samples. 


l. 


2. 


Dilute the urine samples 20-fold as follows: 10 uL of urine 
sample + 190 uL of deionized or distilled water. 


Prepare the alkaline picrate solution: for one plate, add 2.5 mL 
of NaOH to 12.5 mL of picric acid reagent (provided in the 
kit). Mix well. 100 uL of alkaline picrate solution is required 
per well. 


. Prepare the standard curve from the stock solution provided at 


100 mg/dL. Label 7 microcentrifuge tubes from 20 mg/dL to 
0.31 mg/dL. For the first point at 20 mg/dL, add 200 uL of 
stock into 800 uL of deionized or distilled water. The 20 mg/ 
dL standard serves as the high standard. For the six subsequent 
tubes, serial dilute (1:2) by pipetting 500 uL of standard into 
500 uL of deionized or distilled water made of 7 points from 


Preclinical Evaluation of the Renal Toxicity of Oligonucleotide. . . 375 


Systemic 
injection of ASO 


12 94 567.8 919011 n 


24h x wks oftreatment x wks of recovery 
Urine collection Urine collection Urine collection 
for acutetox for longterm for longterm 
assessment toxassessment toxassessment 


COLLECTED URINE 


Total protein Kidney Injury biomarkers 


Aliquots of 10pl Aliquots of 4pl Aliquots of 10p! 2 aliquots of 4ul (for panel 1 & 2) 
stored at -20°C stored at -20°C stored at -20°C stored at -20°C 


Fig. 1 Schematic representation of urine collection possibilities following ASO treatment in mice and possible 
urine analysis 


20 mg/dL to 0.31 mg/dL. Mix each tube thoroughly before 
the next transfer. Use deionized or distilled water as the zero 


standard (0 mg/dL). 


4. Once all reagents, samples and creatinine standards are ready, 
remove excess microplate strips from the plate frame, return 
them to the foil pouch, and reseal. 


. Add 50 uL of standard, control, or sample to each well. 
. Add 100 pL alkaline picrate solution to each well. 


. Incubate for 30 + 5 min at room temperature. 


o N A UI 


. Determine the optical density of each well using a microplate 
reader set to 490 nm. 


9. Calculate the creatinine concentration in your samples using 
the optical density measurements and the standard curve. 


10. Since samples have been diluted, the concentration read from 
the standard curve must be multiplied by the dilution factor 
(i.e., 20) to obtain the sample concentration. 


3.2 Evaluation of l. Precipitate the protein in the urine samples by adding 40 pL 
Total Protein Level dH5O and 200 uL of prechilled acetone to 10 pL of urine. 
in Urine 2. Incubate samples at —20 °C for 30 min, and then centrifuge 


15 min at 14,000 x gat 4 °C. 
3. Resuspend pellets in 40 pL of dH5O. 


4. Measure protein concentration using a BCA assay: 
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3.3 Evaluation of 
Albumin Levels 
in Urine 


(a) Prepare the standards from the 2 mg/mL albumin 
provided in the BCA assay, preferably using the same 
diluent as the one used for the samples. Nine standard 
tubes are prepared at concentrations 2000 (stock), 1500, 
1000, 750, 500, 250, 125, 25, and 0 pg/mL of BSA. 


(b) Prepare the working reagent (WR). First, determine the 
total volume of WR required: 


(n standards + n unknowns) x (n replicates) x (volume of 
WR per sample) — Total V required. Prepare the WR by mixing 
50 parts of BCA Reagent A with 1 part of BCA Reagent B (50: 
1; A:B). 

(c) Then add 10 pL of each standard or unknown sample 
replicate into a microplate well (working 
range = 20-2000 pg/mL). Add 200 pL of WR to each 
well and mix plate thoroughly on a plate shaker for 30 s. 
Cover the plate and incubate at 37 °C for 30 min. 


(d) Cool the plate at room temperature. 
(e) Measure the absorbance at 562 nm on a plate reader. 


(f) Calculate the total protein concentration in your samples 
using the optical density measurements and the standard 
curve. 


Albumin levels from urine samples are measured using an albumin 
ELISA kit. All reagents must be at room temperature before use. 
We describe the method below using the albumin ELISA kit from 
Bethy Laboratories: 


l. 


2. 


Prepare 1x dilution buffer C by diluting 25 mL of 20x dilu- 
tion buffer C into 475 mL of ultrapure water. Mix well. 


Prepare standards: reconstitute the 900 ng albumin standard 
vial (included in the kit) with 1 mL of 1 x dilution buffer C (all 
buffers mentioned are included in the kit) to achieve a final 
concentration of 900 ng/mL. Mix well. Label seven tubes, one 
for each standard curve point: 300, 100, 33.3, 11.1, 3.7, 1.23, 
and 0 ng/mL. Serially dilute 1:3 by adding 150 pL of the 
900 ng/mL standard into the first tube containing 300 pL of 
lx dilution buffer C. Mix well. Continue the dilution by 
adding 150 uL of the previous standard into 300 uL of 1x 
dilution buffer C in the next tube until the sixth tube. Last tube 
is the blank. 


. Prepare the urine samples. The recommended dilution is 


1/1000. First perform a 1:25 dilution by adding 4 pL of 
urine to 96 pL of dilution buffer C, and then perform a 1:40 
dilution by adding 6 uL of the 1:25 dilution into 234 pL of 
dilution buffer C. 


3.4 Evaluation of 
Acute Kidney Injury 
Biomarkers (AKI) Level 
in Urine 


3.41 Evaluation of f2- 
Microglobulin, Renin, Kim- 
1, IP-10, and VEGF Levels 
in Mouse Urines 
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4. Prepare the 1 x wash buffer by diluting the 20x wash buffer in 
ultrapure water. For 1 L, dilute 50 mL of 20x wash buffer into 
950 mL of ultrapure water. 


5. Perform the assay: add 100 uL of standard or sample to desig- 
nated wells (run each standard or sample in duplicate). 


6. Cover the plate and incubate at RT for 1 h. 


7. Gently remove the well content and wash the plate four times 
with 250 pL/well of 1 x washing buffer. 


8. Add 100 uL of anti-albumin detection antibody to each well 


and carefully attach a new adhesive plate cover. Incubate at RT 
for 1 h. 


9. Gently remove the well content and wash the plate four times 
with 250 pL/well of 1x washing buffer. 


10. Add 100 uL of HRP Solution A to each well and carefully 
attach a new adhesive plate cover. Incubate at RT for 30 min. 


11. Gently remove well contents and wash the plate four times with 
250 pL/well of 1 x washing buffer. Blot off any residual liquid 
at the bottom of the wells. 


12. Add 100 pL of TMB solution (included in the kit) to each well. 
13. Do not cover the plate with a plate sealer. 
14. Incubate the plate in the dark at RT for 30 min. 


15. Stop the reaction by adding 100 uL of stop solution (included 
in the kit) to each well. 


16. Measure absorbance on a plate reader at 450 nm. 


17. Calculate the albumin concentration in your samples using the 
optical density measurements and the standard curve. 


Acute kidney injury (AKI) biomarkers levels are analyzed by multi- 
plex assays (MILLIPLEX& MAD) using the Luminex? technology. 

The multiplex kidney injury panels (panel 1: MKILMAG-94K 
and panel 2: MKI2MAG-94K, Merck-Millipore) are used accord- 
ing to the manufacturer's instructions to measure levels of B-2- 
microglobulin (B2M), renin, kidney injury molecule 1 (KIM-1), 
interferon-gamma induced protein 10 (IP-10), vascular endothelial 
growth factor (VEGF) (panel 1) and Cystatin C, epidermal growth 
factor (EGF), Lipocalin-2-NGAL, clusterin and osteopontin 
(OPN) (panel 2). 


p2-Microglobulin, Renin, Kim-1, IP-10, VEGF are measured using 
the panel 1 (ref MKILMAG-94K from Merck-Millipore). 


1. Allow all reagents to warm to room temperature (20-25 °C) 
before use in the assay (except antibodies and beads). 
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2. Prepare the dilution of urine samples. For panel 1: dilute 


sample 1:25 in the assay buffer provided in the kit by adding 
4 uL of urine to 96 uL of assay buffer. 


. Prepare the antibody-immobilized beads. For individual vials 


of beads, vortex for 1 min. Add 150 uL from each antibody- 
bead vial to the mixing bottle and bring final volume to 3.0 mL 
with assay buffer. Vortex the mixed beads well (see Note 5). 
There are 5 biomarkers in panel 1: add 150 pL from each of the 
five bead vials to the Mixing Bottle. Then add 2.25 mL assay 
buffer. 


. Prepare the quality controls (see Note 6): 


(a) Reconstitute quality control 1 and quality control 2 with 
250 pL deionized water. 


(b) Invert the vial several times to mix and vortex. 


(c) Allow the vial to sit for 5-10 min. 


. Prepare the standards: 


(a) Reconstitute the mouse kidney injury panel 1 standard 
with 250 pL deionized water. 


(b) Invert the vial several times to mix. Vortex the vial for 10 s. 
(c) Allow the vial to sit for 5-10 min. 

(d) This will be used as standard 7 (see Note 6). 

(e) Label 6 Eppendorf microfuge tubes standard 1 through 


standard 6. 
(f) Add 150 uL of assay buffer to each of the six tubes. 


(g) Prepare serial dilutions (1:4) by adding 50 uL of the 
reconstituted standard to the standard 6 tube, mix well 
and transfer 50 uL of standard 6 to the standard 5 tube, 
mix well and transfer 50 uL of standard 5 to the standard 
4 tube, mix well and transfer 50 uL of standard 4 to the 
standard 3 tube, mix well and transfer 50 pL of standard 
3 to the standard 2 tube, mix well and transfer 50 pL of 
standard 2 to the standard 1 tube and mix well. 


(h) The 0 pg/mL standard (background) will be assay buffer. 


. Perform the immunoassay procedure making sure that all 


reagents are warmed at room temperature (20-25 °C). 


(a) Add 200 uL of assay buffer into each well of the plate. 
Seal and mix on a plate shaker for 10 min at room 
temperature (20-25 °C). 


(b) Decant assay buffer and remove the residual amount from 
all wells by inverting the plate and tapping it smartly onto 
absorbent towels several times. 
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(c) Add 25 pL of each standard or control into the appropri- 
ate wells. Assay buffer should be used for 0 pg/mL 
standard (background). 


Add 25 uL of sample (diluted) into the appropriate wells. 
Add 25 uL of assay buffer to all wells. 


(f) Add beads: vortex mixing bottle and add 25 uL of the 
mix to each well (see Note 7). 


(g) Seal the plate with a plate sealer. 


h) Wrap the plate with foil and incubate with agitation on a 
P p g 
plate shaker (~700 rpm) overnight (16-18 h) at 2-8 °C. 


(1) Place the plate on magnetic holder (handheld magnet, 
EMD Millipore Catalog #40-285) and rest plate on 
magnet for 60 s to allow complete settling of magnetic 
beads. 


(j) Remove well contents by gently decanting the plate in an 
appropriate waste receptacle and gently tapping on absor- 
bent pads to remove residual liquid. 


(k) Wash plate with 200 pL of wash buffer by removing plate 
from magnet, adding wash buffer, shaking for 30 s, reat- 
taching to magnet, letting beads settle for 60 s, and 
removing well contents as previously described after 
each wash. Repeat wash steps three times. 


(1) Add 25 uL of detection antibodies into each well. Allow 
the detection antibodies to warm to room temperature 
prior to addition. 


(m) Seal, cover with foil and incubate with agitation on a plate 
shaker (-900 rpm) for 1 h at room temperature 
(20-25 °C). Do not aspirate after incubation. 


(n) Add 25 pL streptavidin-phycoerythrin to each well con- 
taining the 25 uL of detection antibodies. 

(0) Seal, cover with foil and incubate with agitation on a plate 
shaker for 30 min at room temperature (20-25 °C). 

(p) Gently remove well contents (after placing the plate on 
magnetic holder) and wash plate three times following 
instructions listed above (Step k). 

(q) Add 150 pL of Sheath Fluid (or Drive Fluid if using 
MAGPIX^) to all wells. Resuspend the beads on a plate 
shaker for 5 min. 

(r) Run plate on Luminex 200™, HTS, FLEXMAP 3D? or 


MAGPIX® with xPONENT* or Bio-Plex manager 6.1 
software. 


7. Analysis: Save and analyze the median fluorescent intensity 
(MFI) data using a 5-parameter logistic or spline curve-fitting 
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3.42 Evaluation of 
Cystatin C, Epidermal 
Growth Factor (EGF), 
Lipocalin-2-NGAL, 
Clusterin, and Osteopontin 
(OPN) Level in Urine 


method for calculating analyte concentrations in samples. For 
diluted samples, final sample concentrations should be multi- 
plied by the dilution factor (25 as per protocol instructions). If 
using another dilution factor, multiply by the appropriate dilu- 
tion factor. 


Cystatin C, epidermal growth factor (EGF), Lipocalin-2-NGAL, 
Clusterin, and Osteopontin (OPN) levels are measured using the 
panel 2 (ref MKI2MAG-94K from Merck-Millipore): 


l. 


2. 


Allow all reagents to warm to room temperature (20-25 °C) 
before use in the assay (except antibodies and beads). 


Prepare the dilution of urine samples. For panel 1: dilute 
sample 1:1000 in the assay buffer provided in the kit by adding 
first 4 uL of urine to 96 uL of assay buffer, and then 2 uL of this 
dilution into 78 uL of assay buffer. 


. Prepare the antibody-immobilized beads: 


(a) For individual vials of beads, vortex for 1 min. 


(b) Add 150 pL from each antibody-bead vial to the mixing 
bottle and bring final volume to 3.0 mL with assay buffer. 


(c) Vortex the mixed beads well (see Note 5). 


(d) There are five biomarkers in panel 1: using five antibody- 
immobilized beads, add 150 uL from each of the five bead 
vials to the Mixing Bottle. Then add 2.25 mL assay buffer. 


. Prepare the quality controls: 


(a) Reconstitute quality control 1 and quality control 2 with 
250 uL deionized water. Invert the vial several times to 
mix and vortex. 


(b) Allow the vial to sit for 5-10 min (see Note 6). 


. Prepare the standards: 


(a) First, reconstitute the mouse kidney injury panel 2 stan- 
dard with 250 pL deionized water. Invert the vial several 
times to mix. Vortex the vial for 10 s. Allow the vial to sit 
for 5-10 min. This will be used as Standard 6 (see Note 6). 


(b) Label 5 Eppendorf microfuge tubes standard 1 through 
standard 5. 


(c) Add 150 uL of assay buffer to each of the five tubes. 
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(d) Prepare serial dilutions (1:4) by adding 50 uL of the 
reconstituted standard to the standard 5 tube, mix well 
and transfer 50 uL of standard 5 to the standard 4 tube, 
mix well and transfer 50 pL of standard 5 to the standard 
3 tube, mix well and transfer 50 uL of standard 3 to the 
Standard 2 tube, mix well and transfer 50 pL of standard 
2 to the standard 1 tube and mix well. 


(e) The 0 pg/mL standard (background) will be assay buffer. 


6. Perform the immunoassay procedure making sure that all 
reagents are warmed at room temperature (20-25 °C). 


(a) Add 200 uL of assay buffer into each well of the plate. 
Seal and mix on a plate shaker for 10 min at room 
temperature (20-25 °C). 


(b) Decantassay buffer and remove the residual amount from 
all wells by inverting the plate and tapping it smartly onto 
absorbent towels several times. 


(c) Add 25 pL of each standard or control into the appropri- 
ate wells. Assay buffer should be used for 0 pg/mL 
standard (background). 


Add 25 uL of sample (diluted) into the appropriate wells. 
Add 25 uL of assay buffer to all wells. 


(f) Add beads: Vortex mixing bottle and add 25 pL of the 
mix to each well. During addition of beads, shake bead 
bottle intermittently to avoid settling. 


(g) Sealthe plate with a plate sealer. 


(h) Wrap the plate with foil and incubate with agitation on a 
plate shaker (~700 rpm) overnight (16-18 h) at 2-8 °C. 


(1) Place the plate on magnetic holder (handheld magnet, 
EMD Millipore Catalog $40—285) and rest the plate on 
magnet for 60 s to allow complete settling of magnetic 
beads. 


(j) Remove well contents by gently decanting the plate in an 
appropriate waste receptacle and gently tapping on absor- 
bent pads to remove residual liquid. 


(k) Wash plate with 200 pL of wash buffer by removing plate 
from magnet, adding wash buffer, shaking for 30 s, reat- 
taching to magnet, letting beads settle for 60 s, and 
removing well contents as previously described after 
each wash. Repeat wash steps three times. 


(1) Allow the detection antibodies to warm to room 
temperature. 


(m) Add 25 uL of detection antibodies into each well. 
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4 Notes 


(n) Seal, cover with foil, and incubate with agitation on a 
plate shaker (-900 rpm) for 1 h at room temperature 
(20-25 °C). Do not aspirate after incubation. 


(o) Add 25 uL streptavidin-phycoerythrin to each well con- 
taining the 25 pL of detection antibodies. 


(p) Seal, cover with foil and incubate with agitation on a plate 
shaker for 30 min at room temperature (20-25 °C). 


(q) Gently remove well contents (after placing the plate on 
magnetic holder) and wash plate three times following 
instructions listed above (Step k). 

(r) Add 150 pL of sheath fluid (or drive fluid if using MAG- 
PIX?) to all wells. Resuspend the beads on a plate shaker 
for 5 min. 

(s) Run plate on Luminex 200™, HTS, FLEXMAP 3D^, or 


MAGPIX® with xPONENT™® or Bio-Plex manager 6.1 
software. 


. Analysis: Save and analyze the median fluorescent intensity 


(MFI) data using a five-parameter logistic or spline curve- 
fiting method for calculating analyte concentrations in sam- 
ples. For diluted samples, final sample concentrations should be 
multiplied by the dilution factor (1000 as per protocol instruc- 
tions). If using another dilution factor, multiply by the appro- 
priate dilution factor (see Note 8). 


. We describe methods using the creatinine assay kit from R&D 


Systems, including all reagents mentioned. 


. We describe methods using the Pierce BCA assay from Thermo 


Scientific, including all the reagents mentioned. 


. We describe methods using the albumin ELISA kit from Bethy 


Laboratories, including all the reagents mentioned. 


. Avoid multiple (22) freeze/thaw cycles of urine samples. 


Urine samples should be aliquoted upon collection and just 
after centrifugation according to further analysis requirements 
(see Fig. 1). When using frozen samples, it is recommended to 
thaw the samples completely, mix well by vortexing, and cen- 
trifuge prior to use in the assay to remove particles. 


. The unused portion of prepared antibody-immobilized beads 


may be stored at 2-8 °C for up to 1 month. 


. The unused portion of prepared quality controls and standards 


may be stored at < —20 °C for up to 1 month. 
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7. During addition of beads, shake bead bottle intermittently to 


avoid settling. 


8. All the quantification methods described here measure the 
concentration of analyte (Albumin, KIM-1, etc.) in the col- 
lected urines (e.g., as ng/L). Data can also be normalized to 
the levels of creatinine. Alternatively, data can be expressed as 
total quantity/24 h when the volume of urine collected in the 
metabolic cage (per 24 h) is taken into account. 
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Protocol for Isolation and Culture of Mouse Hepatocytes 
(HCs), Kupffer Cells (KCs), and Liver Sinusoidal Endothelial 
Cells (LSECs) in Analyses of Hepatic Drug Distribution 


Kjetil Elvevold, Ingelin Kyrrestad, and Bard Smedsrod 


Abstract 


Development of the new generation of drugs (e.g., oligo- and polynucleotides administered intravascularly 
either as free compounds or as nano-formulations) frequently encounters major challenges such as lack of 
control of targeting and/or delivery. Uncontrolled or unwanted clearance by the liver is a well-known and 
particularly important hurdle in this respect. Hence, reliable techniques are needed to identify the type(s) of 
liver cells, receptors, and metabolic mechanisms that are responsible for unwanted clearance of these 
compounds. 

We describe here a method for the isolation and culture of the major cell types from mouse liver: 
hepatocytes (HCs), Kupffer cells (KCs), and liver sinusoidal endothelial cells (LSECs). The presently 
described protocol employs perfusion of the liver with a collagenase-based enzyme preparation to effec- 
tively transform the intact liver to a single cell suspension. From this initial cell suspension HCs are isolated 
by specified centrifugation schemes, yielding highly pure HC preparations, and KCs and LSECs are isolated 
by employing magnetic-activated cell sorting (MACS). The MACS protocol makes use of magnetic 
microbeads conjugated with specific antibodies that bind unique surface antigens on either KCs or 
LSECs. In this way the two cell types are specifically and separately pulled out of the initial liver cell 
suspension by applying a magnetic field, resulting in high purity, yield, and viability of the two cell types, 
allowing functional studies of the cells. 

Ifthe drug compound in question is to be studied with respect to liver cell distribution of intravascularly 
administered drug compounds the isolated cells can be analyzed directly after isolation. Detailed studies of 
receptor-ligand interactions and/or dynamics of intracellular metabolism of the compound can be con- 
ducted in primary surface cultures of HCs, LSECs, and KCs established by seeding the isolated cells on 
specified growth substrates. 


Key words Mouse liver cells, Cell isolation, Kupffer cells, Liver sinusoidal endothelial cells, Hepato- 
cytes, Cell culture, Magnetic-activated cell sorting, MACS 


1 Introduction 


Modern drug treatment modalities frequently include i.v. adminis- 
tration of large molecule compounds or nano-formulations. In 
either case oligonucleotides may represent the active principle. 


Virginia Arechavala-Gomeza and Alejandro Garanto (eds.), Antisense RNA Design, Delivery, and Analysis, Methods in Molecular 
Biology, vol. 2434, https://doi.org/10.1007/978-1-0716-2010-6 27, O The Editor(s) (if applicable) and The Author(s) 2022 
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Lack of targeting control is a general challenge when these thera- 
peutics are injected iv. The main cause of targeting failure is 
unwanted uptake in liver [1]. Apart from the one noteworthy 
example of i.v. administered oligonucleotide therapeutics patisiran 
that successfully targets the major type of liver cells, the hepatocytes 
(HCs) [2], the general rule is that large molecules/nano- 
formulations are rapidly cleared from the circulation by specialized 
scavenger cells lining the wall of the several hundred million 
capillary-like liver vessels called liver sinusoids. The scavenger cells 
of the liver sinusoids represent two cell types: the liver sinusoidal 
endothelial cells (LSECs) and the Kupffer cells (KCs). The KCs are 
the resident mononuclear phagocytes of the liver and represent by 
far the largest population of macrophages in the body. These cells 
are geared to carry out phagocytosis of large blood-borne material 
(>200 nm). In contrast the LSECs, representing the great majority 
of endothelial cells of the liver, are unable to perform phagocytosis 
under normal conditions, but are among the most active endocytic 
cells of the body, using clathrin-mediated endocytosis and a set of 
unique endocytosis receptors [3 ]. 

Although the LSECs and KCs make up only 3.3% and 2.5% of 
the total liver volume, the numberwise distribution of same cells is 
21% and 8.5% [4]. The following anatomical and physiological 
relationships strongly support the notion that LSECs are optimally 
geared to carry out extremely efficient blood clearance: (a) The liver 
receives as much as 25% of the blood volume that is pumped through 
the heart at any time unit; (b) The KCs and LSECs represent the 
surface that the blood encounters on its journey through the liver; 
(c) The total surface of the LSECs in the human liver facing the 
sinusoidal lumen is that of a tennis court [3]; (d) The ad- and 
ab-luminal surfaces of LSECs carry unique endocytosis receptors 
that recognize and internalize an array of blood-borne waste sub- 
stances, including several nanoparticles as well as oligo- and polynu- 
cleotides [5-8]; (e) The endocytosis receptors in LSECs mediating 
blood clearance recycle back to the cell surface only seconds after they 
have delivered their cargo to the primary endosomes, making these 
receptors extremely efficient. Moreover, considering the effective 
intracellular transport toward lysosomes and their unusually high 
contents of lysosomal enzymes, there should be no surprise that the 
LSECs and KCs represent very active scavenger cells contributing 
importantly to the high blood clearance capacity of the liver. 

Based on the remarkable scavenging activity of the LSECs and 
KCs, projects including development of large molecule compounds 
and nano-formulated therapeutics should include studies to deter- 
mine (a) if the drug candidates accumulate preferentially in LSECs 
and/or KCs, (b) and if so, what receptors are involved in the 
recognition. Exact studies designed to determine to what extent 
any 1.v. administered compound accumulates in the different types 
of liver cells require reliable methods to isolate pure preparations of 
LSECs, KCs, and HCs from a single liver. 
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We pioneered the method of preparing LSECs, KCs, and HCs 
from a single rat liver, using collagenase perfusion to disperse the 
liver cells, followed by density separation on Percoll, and selective 
substrate adherence [9]. This method, which has been used with or 
without modifications by several laboratories, was later adapted by 
us for isolation and culture of mouse LSECs, KCs, and HCs [10]. 

While the procedure for isolation of HCs is rather straightfor- 
ward and will be only briefly mentioned later in the present meth- 
ods description, techniques for isolation of LSECs and KCs are 
more elaborate and will therefore be dealt with in greater detail in 
the present chapter. The great majority of the techniques used 
nowadays to generate initial single cell suspensions of liver include 
perfusion with a collagenase solution through the portal vein. The 
further steps comprise either centrifugal elutriation [11], Percoll 
density separation followed by selective adherence [10], or mag- 
netic-activated cell sorting (MACS). Fluorescence-activated cell 
sorting (FACS) is frequently used to isolate KCs and LSECs. How- 
ever, this method subjects the cells to considerable shear stress, 
which is probably why cell cultivation and functional studies of 
LSECs and KCs purified by FACS have been so scantly described 
in the literature. It has been reported that FACS of murine liver 
cells to produce LSECs resulted in a higher purity compared to 
MACS but was associated with a lower yield and recovery rate 
[12]. See [13] for a systematic review on methods for isolation 
and purification of murine LSECs. What is clear is that the cell 
yield, viability, and purity are affected by several steps in the cell 
isolation procedure, including the enzyme and technique used to 
disperse the liver cells, buffers, centrifugation steps, and antibody 
used for sorting. In rat, highly pure LSECs are reported with 
MACS isolation [14, 15] using the LSEC-specific antibody SE-1 
[16], which targets the FcyRIIb2 in these cells [17]. 

We here describe the MACS procedure that we have developed 
for isolation of mouse KCs and LSECs, using F4/80 and CD146 as 
cell markers, which allows simultaneous isolation of highly pure 
HCs, LSECs, and KCs. The method is reliable because specific 
antibodies are commercially available for recognition of either 
KCs or LSECs in a suspension of mixed liver cells. Moreover, the 
procedure is fast and reproducible, and gives good cell yields. In 
addition, the MACS isolation procedure requires equipment that is 
considerably less expensive and easier to operate than elutriation 
centrifuges or flow cytometry cell sorters. During the isolation 
procedure, the cells and buffers are kept cold to minimize intracel- 
lular metabolic processes. After the final isolation step the cells can 
be seeded in culture dishes and maintained for functional studies or 
pelleted and used for further analysis. This allows for both in vivo 
liver cell distribution of intravascularly administered compounds, as 
well as ¿n vitro analysis of how compounds interact with isolated 
cultures of KCs, LSECs, and HCs. 
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2 Materials 


21 Perfusion 
System (Fig. 1) 


22 Materials for 
Perfusion 


Water bath 


BR wo N-e 


. Water bath. 
. Heat exchanger with bubble trap. 
. Pump. 


. Silicone tubing (use tubes with small diameter to avoid forma- 


tion of air bubbles) (see Notes 1). 


. Intravenous cannula 22G. 


. Magnifier. 


. Small styrofoam “bed” for the mouse + tissue paper rolled to 


form a pillow. 


2. Good scissors, forceps, surgical dressing tweezers. 


. Fridge/ice box for buffers. 
. Perfusion buffer (see steps 1 and 2 in Subheading 2.3 for 


preparation). 


. Liberase™ Research Grade, rehydrated and aliquoted in 1 mg 


batches according to the manufacturer’s protocol, and kept 
frozen until perfusion starts. 


Heat exchanger 


Peristaltic pump 


Buffers for — 


ap Vv 


Fig. 1 Equipment for the perfusion system 
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A3 Buffers, Density 
Medium, Liberase™, 
Cell Culture Media, 
Coating of Cell Culture 
Dishes with 
Fibronectin, Magnetic- 
Activated Cell Sorting 
(MACS) Isolation 
System (Hardware and 
Buffers) 


6. 


Liberase buffer (= perfusion buffer with 4.76 mM CaCh, see 
steps 2 and 3 in Subheading 2.3) for dissolution of the 
defrosted Liberase?TM, 


. Cold AIM V medium (30 ml/mouse liver) for collection of 


cells after perfusion with Liberase?M, 


. Petri dish (10 cm diameter) for releasing cells from liver fol- 


lowing perfusion with Liberase™. 


. The present protocol has been set up for C57BL/6 mice (see 


Note 2). 


. Perfusion buffer: Dilute 40 ml of perfusion buffer concentrate 


(see below) in milliQ sterile water to a total volume of 1 1. 


. Perfusion buffer concentrate: Dissolve 103.75 g NaCl, 6.25 g 


KCl, and 28.70 g Hepes in 350 ml milliQ H5O while stirring. 
When all has been dissolved add 75 ml of 1 M NaOH. Add 
H30 toa total volume of 500 ml. Filter (pore size 0.45 um) the 
solution and distribute in tubes (50 ml); freeze in portions of 
40 ml. See [4] for more details on buffer compositions. 


. Liberase buffer: Add 0.5 ml of 476 mM CaCl, to 49.5 ml of 


perfusion buffer to obtain a final concentration of 4.76 mM 
CaCl. Add 1.0 mg of freshly defrosted stock of Liberase™ to 
give a working concentration of 0.02 mg/ml immediately 
before perfusion starts. See Note 3 regarding Liberase™ 
concentration. 


. Percoll (100%): Mix 13.5 ml stock PercollTM with 1.5 ml 10x 


PBS to make 15 ml 100% Percoll™. 


. Medium for cultivation of HCs: Add 1 kit of Gibco™ Primary 


Hepatocyte Maintenance Supplements to 1 bottle (500 ml) of 
Gibco™ William’s E Medium, no phenol red to prepare 
medium for culture of HCs. 


. Medium for cultivation of LSECs and KCs: Gibco™ AIM VTM 


Medium, liquid. 


. Coating of cell culture dishes with fibronectin for cultivation of 


LSECs and HCs: Use fibronectin prepared from bovine plasma 
(1 mg/ml) to coat culture dishes at a concentration of 1-5 pg/ 
cm?. Coat culture surface with a minimal volume, just enough 
to cover the surface. Leave for 10 min at room temperature. 
Once the entire area is covered, remove excess solution, which 
can be reused to coat another well/plate. Leave for 10 min at 
room temperature. Wash 3x with PBS and let stand in PBS in 
the incubator until seeding of cells. PBS must be removed 
before cells are added. 


. MACS isolation system: CD146 MicroBeads (Miltenyi); anti- 


F4/80 MicroBeads (Miltenyi); LS Columns (Miltenyi); Quad- 
roMACS™ Separator (Miltenyi). 
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3 Methods 


3.1 Preparing the 
Perfusion System 


3.2 Running the Liver 
Perfusion to Generate 
Single Cell Suspension 
of Liver Cells 


9. Prepare MACS buffer: Mix autoMACS Rinsing Solution (Mil- 
tenyi) and MACS BSA Stock Solution (Miltenyi) according to 
instructions by the manufacturer. 


If the aim is to study the distribution of an injected compound in 
the different types of liver cells, the compound must be injected 
before starting at Subheading 3.1. The time from injection of 
compound until the animal is euthanized, and the liver perfusion 
and cell isolation procedure start depends on the anticipated rate of 
metabolism of the injected compound. The faster the metabolism, 
the faster is the disappearance of the compound from the liver cells, 
and accordingly, the shorter should the time be from compound 
injection to cell isolation. 

If the aim is to study interaction of compound with isolated 
liver cells, without prior intravenous administration, start directly at 
Subheading 3.1. 


1. Heat perfusion buffer to approx. 70 °C, and let it cool down. 
This operation drives air of the perfusion buffer, lowering the 
risk of bubble formation during the perfusion. 


2. Wash the system with 10 ml perfusion buffer (see Note 1). 


3. Allow the water bath to attain the correct working temperature 
(see Note 4). 


4. Make sure there are no bubbles in the system (see Note 1). 
5. Flow rate before starting the liver perfusion: approx. 9 ml/min. 


6. Make sure there is at least 50 ml perfusion buffer in the tube 
before starting the liver perfusion. 


7. Shortly before starting the liver perfusion, rapidly defrost Lib- 
erase™, add it to the Liberase buffer and mix. 


1. The entire procedure is carried out postmortem and must be 
started immediately after the animal has been euthanized 
according to the protocol of the ethical review permission 
that covers the research. The mouse images shown in Figs. 2, 
3, 4, 5, 6, and 7 are from an in vitro experiment (euthanasia 
before sampling), and the experimental protocol and animal 
handling were approved by the competent institutional author- 
ity at UIT The Arctic University of Norway, which is licensed by 
the National Animal Research Authority at the Norwegian 
Food Safety Authority (Mattilsynet; Approval ID: UiT 
02/20), and experiments were performed in compliance with 
the European Convention for the protection of Vertebrate 
Animals used for Experimental and Other Scientific Purposes. 
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Fig. 2 Position of the mouse organs 


Ld 
Portal vein 


` f Inferior vena cava 
E | d T 


4 


Fig. 3 Position of the portal vein and inferior vena cava 


2. Place the animal on the bed with the tissue paper pillow under 
the abdomen, to position the liver at a slightly higher level than 
the rest of the organs. 


3. Carefully open the abdomen by midline incision, making sure 
not to injure the liver. The abdominal cavity has to be well 
exposed for better visualization and access (Fig. 2). 
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Cannula approx 
10mm into the 
portal vein 


ow? x] 


Fig. 4 Position of the canula in the portal vein 


Fig. 5 Color shift of the organs 
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Fig. 6 Removal of the liver 


Fig. 7 Removal of the gall bladder 
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12. 


13. 


14. 


15. 


. Move the intestines to the side to expose the portal vein 


(Fig. 3). 


. Before reducing the flow rate to 4 ml/min flick the tubing all 


the way from the heat exchanger to the tubing tip to get rid of 
all visible air bubbles (see Note 1). 


. Reduce the flow rate to 4 ml/min (make sure that there is a 


surplus of perfusion buffer in the 50 ml tube in case more time 
is needed for the operation). Note that it is important to 
maintain this low flow rate during the insertion of the tubing 
cannula. Never stop the flow rate completely during any step of 
the operation. 


. Focus the magnifier on the portal vein and make a small inci- 


sion (approx. 1/3 of the vein diameter). Do not cut the portal 
vein completely, as this will make it very difficult to insert the 
cannula. The incision should be made close to where the 
splenic vein enters the portal vein. In this way one ensures 
that the distance from the incision to the point where the portal 
vein enters the liver is sufficient to give the cannula a stable 
position, and at the same time the tip ofthe cannula will rest in 
a position that allows the perfusion of all liver lobes (Fig. 4). 


. Insert the cannula, by carefully moving it through the incision 


ofthe portal vein, in a movement nearly parallel to the vessel. In 
this way the cannula will slide smoothly in, and the risk of 
rupturing the vessel wall is minimized. A certain sign that the 
cannula has entered the vein is a rapid color shift of the liver 
from dark red (Fig. 5a) to yellow (Fig. 5b). 


. Cut the inferior vena cava as indicated with the arrow in Fig. 3 


to allow the perfusion buffer to flow freely through the liver. 


. Increase the flow rate to 7-10 ml/min depending on the 


animal weight. 


. Keep on perfusing the liver with perfusion buffer to make sure 


no more blood is left (normally 10-20 ml). 


Change to the Liberase buffer. Avoid entrance of air bubbles 
into the portal vein during this operation (see Note 1). 


When the liver cells are well dissociated by the perfusion with 
Liberase™ (as judged by swelling, increased size and a softer 
appearance of the liver, pale color, and a tendency of Glisson's 
capsule to separate from the parenchyma), remove the cannula 
from the portal vein (see Note 5). 


Carefully remove the liver from the body, by cutting the liga- 
ments using a small, sharp pair of scissors. Use the magnifier as 
a guide to fine-tune the cutting of ligaments around the stom- 
ach. Avoid rupturing the esophagus or intestines (Fig. 6) (see 
Note 5). 


Carefully remove the gall bladder (Fig. 7) (see Note 5). 
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3.3 Cell Isolation 


16. 


17. 


18. 
19. 


Place the liver in the petri dish (with 10 ml cold AIM V) and 
remove Glisson's capsule (see Notes 5 and 6). 


Shake the liver gently to release the cells that have been dis- 
sociated during the Liberase™ perfusion. When no more cells 
seem to be released, pour the cell suspension into a 50 ml tube 
and ice-cold AIM V medium to approx. 40 ml (see Note 5). 


Keep the cell suspension at 4 °C. 


Repeat perfusion operation with a new mouse or end by wash- 
ing the system with 50 ml of sterile water, fill with 70% ethanol, 
and leave it until next liver perfusion. 


. Release the tubings from the pump. 


. Very gently mix the cell suspension. 


. Spin down the HCs by differential centrifugation (35 x for 


2 min at 4 °C; max acceleration/deceleration). The resulting 
pellet is enriched in HCs, and the supernatant is enriched in 
KCs and LSECs. 


. Pipette the KC/LSEC-enriched supernatant to a new centri- 


fuge tube and repeat the differential centrifugation (35 x g for 
2 min at 4 °C; max acceleration/deceleration) (see Note 7). 


. To increase the yield of KC/LSECs resuspend the 


HC-enriched pellet in 40 ml perfusion buffer and repeat the 
differential centrifugation at 35 x g for 2 min at 4 °C; max 
acceleration/deceleration (see Note 7). 


. For isolation of HCs, resuspend the HC-enriched pellet from 


step 4 in 20 ml William’s E medium and continue at step 3 in 
Subheading 3.3.3 (procedure for isolation and culture of 
HCs). 


. For isolation of KC/LSECs, collect the resulting supernatants 


from steps 3 and 4 in Subheading 3.3, and centrifuge (300 x g 
for 10 min at 4 °C; max acceleration/deceleration). Small, 
light-colored pellets indicate that the content of HCs is low, 
and the procedure can continue at step 10 in Subheading 3.3. 
Big, darker colored pellets indicate high content of HCs, and a 
density separation on Percoll is recommended to deplete HCs 
from KCs and LSECs: to do this, resuspend the pellet in 11 ml 
MACS buffer and mix with 9 ml 100% Percoll to make a 20 ml 
mix of 45% Percoll solution and cells. Carefully add 8 ml MACS 
buffer on top (see step 9 in Subheading 2.3). 


. Centrifuge the 45% Percoll gradient: 1350 x g for 25 min at 


4 °C. Set acceleration/deceleration to 5 (on scale from 1 to 9). 


. By means of a 10 ml pipette collect the HC-depleted KCs and 


LSECs (non-HCs) from the top of the 45% Percoll cushion and 
resuspend in 5 ml MACS buffer. Count the cells. 
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3.8.1 MACS Isolation of 
KCs and LSECs 


3.3.2 Culturing LSECs 
(Continue Here After Step 
5 in Subheading 3.3.1) 


9. 


10. 


l. 


Centrifuge (300 x g for 10 min at 4 °C; max acceleration/ 
deceleration). 


Resuspend pellet in MACS buffer to make a cell number/ 
volume ratio of 5 x 10° non-HCs per 100 yl. (If you go 
directly from step 6 to step 10 in Subheading 3.3, first resus- 
pend the non-HC pellet in 5 ml MACS buffer, count the cells, 
and centrifuge at 300 x gfor 10 min at 4 °C; max acceleration/ 
deceleration.) 


. Mix 2/3 of the total volume of non-HCs with 20 yl of anti- 


F4/80 MicroBeads (for isolation of KCs). Mix the remaining 
1/3 with 20 pl of anti-CD146 MicroBeads (for isolation of 
LSECs). Incubate both non-HC suspensions for 15 min at 
4 °C in 5 ml centrifuge tubes. 


. Fill each of the two 5 ml tubes with MACS buffer and centri- 


fuge (300 x g for 10 min at 4 ^C; max acceleration/decelera- 
tion). Aspirate both supernatants completely. 


. Resuspend each of the two pellets in 0.5 ml MACS buffer and 


apply to two LS columns for magnetic isolation according to 
the instructions given by the manufacturer. 


. Wash the column with 3 x 3 ml MACS buffer. Discard the 


flow-through. 


. Remove the column from the magnetic field and fill it with 5 ml 


MACS buffer. Immediately flush out the magnetically labeled 
cells by firmly pushing the plunger into the column. Collect the 
eluted volumes in two 15 ml centrifuge tubes—one tube for 
the cells incubated with anti-F4/80 MicroBeads, and the other 
for the cells incubated with anti-CD146 MicroBeads. Spin the 
tubes (300 x g for 10 min at 4 °C; max acceleration/decelera- 
tion), resuspend the resulting pellets in 1 ml AIM V medium, 
and count the cells. See Note 8 for details regarding yield, 
purity, and viability of isolated KCs and LSECs. 


. At this point the KCs and LSECs may be analyzed for contents 


of drug administered prior to the liver perfusion procedure. 


. If cells are to be used for im vitro analysis of drug uptake and 


intracellular processing, they may be cultured according to the 
following procedure. 


Seed 0.25 x 10° LSECs/200 pl AIM V medium/cm? growth 
area in fibronectin-coated cell culture wells. Place in a humidi- 
fied CO; incubator at 5% O2. 


2. After 35 min carefully wash with PBS or medium. 


. The LSEC cultures are now ready for experiments. Character- 


istic morphology of cultured LSECs is shown in Fig. 8a, b. See 
Note 9 for details regarding purity of cultured LSECs. 
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Fig. 8 Characteristics of the LSEC cultures. Phase contrast (a, c, e) and scanning electron micrographs (b, d) 
of mouse liver cells following isolation and culture. Liver cells were isolated as outlined in Subheading 3.3 and 
established in monolayer cultures. (a, b) LSECs 2 h following seeding. The inset in b shows typical LSEC 
fenestrations (open trans-cytoplasmic pores), which are a hallmark of these cells. (c, d) KCs 1 h following 
seeding. (e) HCs 48 h following seeding. LSECs and HCs were seeded on fibronectin-coated tissue culture 
plastic, and KCs were seeded on non-coated culture plastic. KCs and LSECs were cultured in AIM V medium, in 
5% 0, and 5% CO; atmosphere, whereas HCs were cultured in William's E medium with supplements, 5% 
fetal bovine serum, 0.1 uM dexamethasone, and 20% 0; and 5% CO». Following the indicated cultivation 
times the cultures for scanning electron microscopy were gently washed with medium prewarmed to 37 °C, 
fixed in McDowell's fixative for electron microscopy [18], and processed according to the protocol in [14], and 
examined in a Zeiss Sigma field emission scanning electron microscope, run at 2 kV. Phase contrast 
micrographs were taken with a 20x objective lens in a Nikon Eclipse TE300 inverted microscope, equipped 
with a Zeiss AxioCam MRc digital camera 
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3.3.3 Culturing KCS 
(Continue Here After Step 
5 in Subheading 3.3.1) 


. Seed 0.20 x 10° KCs/200 ul AIM V medium/cm? growth 


area in non-coated cell culture wells. Place in a humidified CO, 
incubator at 5% O3. 


2. After 35 min carefully wash with PBS or medium. 


3.3.4 Isolation and 
Culturing of HCs (Continue 
Here After Step 4 in 
Subheading 3.3) 


. The KCs are now ready for experiments. Characteristic mor- 


phology of cultured KCs is shown in Fig. 8c, d. See Note 10 for 
details regarding purity of cultured KCs. 


. Filter the resuspended HC-enriched pellet through a 70 um 


cell strainer to get rid of debris and cell aggregates that remain 
undissociated after the Liberase™ and centrifuge the filtrate 
(54 x g for 2 min at 4 °C; max acceleration/deceleration). 


. Mix resulting pellet with 45% Percoll and centrifuge (1350 x g 


for 25 min at 4 °C; set acceleration/deceleration to 5 on scale 
from 1 to 9). 


. After centrifugation remove the Percoll above the cell layer, fill 


up the tube with William's E medium, and mix with the 
remaining bottom layer of Percoll which contains the purified 
HCs. Spin down the HCs (54 x g for 2 min at 4 °C; max 
acceleration/deceleration). 


. Resuspend in William’s E medium and count the HCs. At this 


point the HCs may be analyzed for contents of drug if admi- 
nistered prior to the liver perfusion procedure. Determine 
viability, e.g., by the trypan blue exclusion test. See Note 11 
for details regarding viability of HCs. 


. If the HCs are to be used for zz vitro analysis of drug uptake 


and intracellular processing, they may be cultured according to 
the procedure described in steps 5-7 in Subheading 3.3.4. 


. Seed 0.15 x 10° HCs/200 yl William's E medium with sup- 


plements (see step 5 in Subheading 2.3) and 5*6 fetal bovine 
serum/cm? growth area in fibronectin-coated cell culture 
wells. Place in a humidified CO, incubator at 20% O% (see 
Note 12). 


. After 4 h very carefully wash with William's E medium using a 


1 ml pipette. Continue cultivating the HCs in William's E 
medium with supplements (see step 5 in Subheading 2.3), 
with or without serum. See Note 13 regarding maintenance 
and serum requirement for HC cultures. 


. The HC cultures are now ready for experiments. Characteristic 


morphology of cultured HCs is shown in Fig. 8e. See Note 14 
regarding purity of HC cultures. 


4 Notes 
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. Great care must be taken to avoid the formation of air bubbles 


in the perfusion system, as trapping of air bubbles in the 
vascular system of the liver during perfusion will obstruct per- 
fusion and greatly reduce the yield of cells. 


. The present protocol has been set up for C57BL/6 mice. Cell 


yields and time needed for cells to attach and spread optimally 
on growth substrates may vary between different mouse 
strains. 


. Although a concentration of 1 mg Liberase™/50 ml Liberase 


buffer (0.02 mg/ml buffer) is recommended to disperse liver 
cells from normal mouse liver, it is advisable to use a somewhat 
stronger concentration when cells are to be isolated from the 
liver of old mice or from mice with fibrotic liver. For these 
purposes the Liberase™ concentration may be increased to 
0.03 mg/ml, although it is recommended that tests be per- 
formed to establish the adequate concentration. 


. The working temperature ofthe water bath must be adjusted to 


give the buffer a temperature of 38 ^C at the tip ofthe cannula. 
(Tubing diameter, distance from heat exchanger, and flow rate 
affect the temperature drop along the tubing.) 


. For optimal viability, yield, and purity of isolated liver cells it is 


essential that the cells of the initial liver cell suspension follow- 
ing perfusion of the liver with Liberase™ are well dispersed as 
single cells, and with a minimum of aggregated cells and debris. 
A word of caution: if the liver is not satisfactorily transformed 
into a single cell suspension after the enzyme perfusion it is of 
little help to use mechanical force to tear the tissue apart, as this 
will result in massive formation of debris and dead cells. DNA 
leaking from dead cells will contribute to clumping of cells, and 
the result will be greatly reduced cell yield and viability. 


. It is not necessary to remove absolutely all of the Glisson's 


capsule; Glisson's capsule has to be ruptured and pulled off 
by means of tweezers to the extent that the dissociated liver 
cells can be gently shaken out into the buffer. 


. The purpose of the second differential centrifugation of the 


KC/LSEC-enriched supernatant is to remove more HCs 
which is important before the MACS isolation step, whereas 
the purpose of the second differential centrifugation of the 
resuspended HC pellet is to extract even more LSECs and 
KCs, which may still be present in the first HC pellet. The 
total yield of LSECs and KCs can be increased 2096 by running 
a second differential centrifugation. Repeating this 
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centrifugation step further will not give significantly increased 
yields of LSECs and KCs. 


. Yield, purity, and viability of isolated KCs and LSECs. With the 


method outlined here, using female C57BL/6 mice of 15-20 g 
body weight, and isolating all three cell types from the same 
liver we obtain >95% pure preparations of KCs (yield: 
2-4 x 10° cells per 3 mice) and LSECs (yield: 3-6 x 10° 
cells per 3 mice). Of note, the presently described method has 
been set up to isolate KCs and LSECs from 2/3 and 1/3 of the 
initial liver cell suspension. If more KCs are needed, the cell 
yield can be increase up to 3-6 x 10° KCs per 3 mice by using 
the entire initial liver cell suspension. Similarly, the yield of 
LSECs can be increased up to 5-10 x 10° per mouse by 
using the entire initial liver cell suspension to make LSECs. 
Viability as judged by trypan blue exclusion is >95% for both 
KCs and LSECs. 


. Typical purity of cultured LSECs: 95-98% (fenestrated cells 


assessed by scanning EM), with KCs as the dominating 
contaminating cell. 


. Typical purity of cultured KCs: Between 98% and 100%. 
. Viability of HCs should be >80%. If viability is <80% it is 


recommended that the cells be discarded. Viability routinely 
varies between 80% and 95%. 


HCs may be seeded in William's E medium with supplements 
(see step 5 in Subheading 2.3) with or without 5% fetal bovine 
serum and allowed to attach and spread on the growth sub- 
strate for 4 h. Following washing the HC cultures may be 
continued by culturing in William's E medium with supple- 
ments (without serum see Subheading 2.3, step 5). HCs must 
be cultured in 20% O5; they will not survive in 5% O5. 


Our experience is that HC cultures can be maintained up to at 
least 48 h without serum added to the medium. 


Typical purity of cultured HCs: >99%. 


The authors wish to acknowledge Prof. Karen Kristine Sorensen at 
UIT The Arctic University of Norway for assisting in proof reading 
of the manuscript, and also for providing light and electron micro- 
scopic images shown in Fig. 8. 
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Patent Considerations When Embarking on New Antisense 
Drug Programs 


Laurence D. S. Gainey 


Abstract 


The aim of this chapter is to provide some key information on patents and the patent system to assist 
someone embarking on the design, development, and commercialization of new antisense drugs. 

Here I outline certain key topics such as what is a patent? why patent? how do I protect my molecule with 
a patent? confidentiality, searching for the same or similar molecules in the prior art, data requirements, the 
patenting timeline and freedom to operate. 


Keywords Patent, Intellectual property, Patentability, Prior art, Searching, Patent filing, Exclusivity, 
Freedom to operate, Confidentiality 


1 Introduction 


When embarking on a research and development program for any 
therapeutic, including an antisense drug, it is crucial that appropri- 
ate consideration be given to patents and the patent system. A 
patent protecting a therapeutic is often the main tool to keep 
bioequivalent versions off the market for a limited period, thus 
allowing the innovator time to recoup and secure a return on 
their investment. Itis also important to consider third-party patents 
in case these impede the ability to commercialize the therapeutic. 

The aim of this chapter is to provide a basic understanding of 
the patent system for someone embarking on a research program to 
discover and develop a therapeutic antisense drug. However, as 
patent decisions for any particular project will be case specific, 
appropriate legal advice should be sought from a qualified patent 
attorney. 

The chapter is split into sections that discuss: 


e What is a patent? 
* Why patent inventions? 
* Types of inventions to consider. 


Virginia Arechavala-Gomeza and Alejandro Garanto (eds.), Antisense RNA Design, Delivery, and Analysis, Methods in Molecular 
Biology, vol. 2434, https://doi.org/10.1007/978-1-0716-2010-6 28, O The Editor(s) (if applicable) and The Author(s) 2022 
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2 Whatls a Patent? 


* Datenting requirements. 

* Importance of confidentiality. 
e Patent timeline. 

* Data requirements. 

* Searching. 


* Freedom to operate considerations. 


The patenting of a putative therapeutic molecule is usually 
crucial to the commercial success of the therapeutic. It is therefore 
recommended that you engage the services of a patent professional 
with expertise in handling antisense oligonucleotide patent portfo- 
lios at the earliest opportunity and keep them appraised of devel- 
opments in the research program throughout. 


A patent is a property right given by a country’s government to an 
inventor, or their successor, that protects a new and useful inven- 
tion. It is a reward for publishing the invention and provides the 
recipient with an exclusive right, for a limited period of time, to 
prevent others from exploiting, such as making, using, importing, 
offering for sale or selling, the invention in the country. Once this 
period of exclusivity has expired the public are free to exploit the 
invention and this arrangement with the state—a limited period of 
exclusivity in exchange for publishing and teaching the world what 
the invention is, is often referred to as the *patent bargain" and is 
what helps to stimulate and drive innovation. 

Some important features of a patent are: 


1. It is a country-specific right. Anyone wishing to secure patent 
protection in multiple countries will need to secure a granted 
patent in each of these countries. 


2. The period of time (often referred to as “the term”) of the right 
is governed by the patent legislation in the country, but in the 
vast majority of countries, this is 20 years from the filing date of 
the patent application. Certain countries also have provisions to 
extend the term of the patent or award a separate extension 
right, typically for a maximum of 5 years, for pharmaceutical or 
agrochemical products that were required to undergo regu- 
latory approval. 


3. The exclusive right is an exclusionary right. It does not neces- 
sarily allow the owner to work (use) the invention. It merely 
allows them to prevent others from working the invention. For 
example, if the patent is to a new therapeutic compound the 
patent does not give you the right to make and sell the com- 
pound as this will require separate approval from the health 
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authority. Also, exploitation ofthe invention may fall within the 
scope of someone else's patent and so authorization, such as via 
a license, from this entity may be needed to work the invention. 


4. The patent right must be applied for via the filing of a patent 
application that describes the invention in enough detail so that 
the invention can be understood and reproduced by a skilled 
reader. 


5. A patent is only enforceable (via the relevant national court 
system) once it has been examined and granted by the patent 
office of the relevant country. 


6. The invention is defined by a series of sentences termed 
“claims” that describe the invention and help to define 
the scope of protection (i.e., whether something falls within 
the patent or not). An analogy for the claims in a patent is the 
boundary fence that defines a field. 


7. The claimed invention must meet certain requirements to 
become a “granted patent”—see Sect. 5. 


3 Why Patent Inventions? 


3.1 Exclusive Market 
Position 


3.2 Opportunity to 
License or Sell the 
Invention 


The cost of research and development (R&D) for therapeutic 
molecules is significant. In 2016, the Tufts Center for Drug Devel- 
opment estimated R&D costs per approved drug to be in excess of 
$2.5bn [1]. In order to drive investment in therapeutic R&D there 
must be means to recoup and provide a return on this investment. 
The patent system has evolved to stimulate innovation and is one of 
the key mechanisms to provide an environment for securing a 
return on the investment. 


Patents provide a legal right to stop others from working a patented 
invention for a period of time. Provided the patent owner or their 
licensee has all other necessary freedom to operate, it can mean that 
they can establish exclusivity to sell their product in the market. 

During this period of exclusivity, when there is no direct com- 
petition for the same product, it is often easier to commercialize the 
product and so recoup the costs invested in the R&D and obtain a 
return on that investment. 


A patent is a property right which can be sold or licensed to another 
party. In exchange for granting a licensee the rights to work under 
the patent, the applicant/licensor can secure financial or other 
compensation. This means that patent owners who are unable to 
fully exploit the invention independently can, for example, leverage 
the patent for revenue, cross-licensing purposes and/or open up 
valuable collaborations. Thus, a patent protecting a therapeutic 
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3.3 Collateral for 
Raising Funding 


3.4 Incentive to 
Invest in Research and 
Development 


antisense oligonucleotide product or its use can also be very valu- 
able to individual inventors, small companies, and academic 
institutions. 


Because of the opportunity to secure an exclusive market position 
as in Sect. 3.1, astrong patent portfolio is attractive to investors and 
so can assist with company flotations or raising further capital. 


Without the existence ofa patent protecting a therapeutic antisense 
oligonucleotide molecule or its use in treating a particular disease 
or patient group, there may be significant disincentives to invest in 
the research and development costs and lost commercial 
opportunities. 


4 Types of Inventions to Consider 


A patent protecting the oligonucleotide drug molecule being 
developed, often defined by its sequence, is likely to be particularly 
desirable as this will protect the molecule regardless how it is used. 

However, in addition to a new oligonucleotide defined by its 
sequence and/or particular chemical modifications (e.g., to the 
backbone, sugars, bases) throughout or at specific positions, it is 
important to recognize that valuable patenting opportunities 
might also be found for new types of chemical modifications, 
fusions or conjugates, manufacturing processes, formulations, 
drug delivery technologies, particular diseases to be treated (thera- 
peutic uses), particular patient populations to target, dosage forms 
ofthe drug, and/or dosage treatment regimens, to name just some 
categories of invention. It is therefore important to think beyond 
the specific molecule/compound to see if there are other patent- 
able opportunities that can be captured to enhance the patent 
portfolio protecting your entire research program. 


5 Patenting Requirements 


Each country (jurisdiction) has its own legal requirements (legisla- 
tion) of what constitutes a patentable invention, but typically the 
claims that define the invention must meet certain criteria, includ- 
ing (1) novelty (new); (2) inventive step (not obvious) over what is 
already known; and (3) industrial utility (be useful). In addition, 
the application must include an adequate description of how to 
carry out the invention. 

Individual country legislation may also preclude the patenting 
of certain types of subject matter in that country. For example, 
certain countries do not permit patents directed to methods of 
treatment, surgery or diagnosis practised on the human body 
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5.1 Novelty 


52 Inventive Step (or 
Non-Obviousness) 


However, antisense oligonucleotide molecules, particularly those 
with chemical modifications, constitute patentable subject matter 
all the key countries (including US, Europe, Japan, China). 


The claimed invention must not have been disclosed in the public 
domain prior to the filing date of the invention. 
According to Article 54(1) of the European Patent Convention 


[2]: 


An invention shall be considered to be new if it does not form part of the state of 
the art. 


Thus, a claimed invention is novel/new if it does not form part 
of “the state of the art,” the state of the art being everything that 
was available to the public by way of written (including via elec- 
tronic means) or oral publication, use or any other way, in any 
country of the world and in any language before the effective filing 
date ofthe invention. The effective filing date ofthe invention is the 
date of filing ofthe first patent application (e.g., priority application 
or International application—see 7(b)) that appropriately discloses 
the claimed invention. Novelty is an objective measure. Each and 
every feature of the claimed invention must have been disclosed 
together in the prior art to preclude patenting based on novelty. 

An ideal antisense molecule may be the culmination of opti- 
mum choice of a number of features including, target sequence, 
length, complementarity, and chemistry. Thus, even with recog- 
nized therapeutic targets, there is often scope for establishing nov- 
elty over the prior art molecules. What will likely determine the 
ability to secure a patent on the molecule will be inventive step or 
non-obviousness. 


It is somewhat subjective, and the assessment of inventive step 
differs from one country to another but, in essence, it is an assess- 
ment of whether the difference between the claimed invention and 
the state of the art, as assessed by the person skilled in the art, is 
obvious. 

According to Article 56, first sentence, of the European Patent 
Convention [2]: 


An invention shall be considered as involving an inventive step if; having 
regard to the state of the art, it is not obvious to a person skilled in the art. 


Because this assessment is to be made by the notional *person 
skilled in the art,” it is intrinsically more difficult to gauge whether a 
claimed invention is inventive and is the main discussion point 
between a patent examiner and the patent attorney seeking to 
secure grant of the patent. 

However, indicators of inventive step accepted by most patent 
offices include surprising and/or unpredictable results. To demon- 
strate this, it will likely be necessary to have comparative data which 
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53 Industrial Utility 


5.4 Sufficiency/ 
Written Description 


6 Confidentiality 


demonstrates that the new antisense molecule, as claimed, possesses 
some superior property, perhaps much greater affinity or half-life, 
compared to that of the closest prior art molecule. 


The claimed invention must be capable of being made or used in 
any type of industry. 
According to Article 57 or the European Patent Convention 


[zT 


An invention shall be considered as susceptible of industrial application if it 
can be made or used in any kind of industry, including agriculture. 


In general, this is an easy criterion to meet, and it is difficult to 
see how an antisense oligonucleotide invention would not meet this 
requirement. 


Finally, the application must include sufficient information to allow 

the person skilled in the art to work the invention across the whole 

area claimed without undue burden or requiring inventive skill. 
According to Article 83 or the European Patent Convention 


[2]: 


The European patent application shall disclose the invention in a manner 
sufficiently clear and complete for it to be carried out by a person skilled in 
the art. 


Similar or equivalent provisions to those above, illustrated 
using the European Patent Convention [2], are to be found in 
the patent legislation of most counties. 


As noted above, to be patentable an invention must be novel. 

The invention must therefore have not been disclosed to any- 
one outside of a confidentiality agreement or put into the public 
domain by any means. Numerous patent applications have failed to 
meet the novelty or inventive step criteria due to an inventor’s own 
disclosure /publication. 

Aside from publication in a scientific journal, other publications 
to be aware of include, website postings, or poster or oral presenta- 
tion at a scientific conference. If the researcher is from an academic 
institution, other potential publications include: an internal aca- 
demic presentation attended by individuals from outside the insti- 
tution or under no obligation of confidentiality, a PhD thesis, a 
discussion with an academic from a different institution, indeed any 
oral disclosure to someone not required in law to keep the infor- 
mation confidential. 

While some countries, such as USA, provide for a “grace 
period” that allow prior publications from the inventor, made 
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7 Patent Timeline 


within a limited period before the filing date of their patent appli- 
cation, to be discounted from the prior art when assessing patent- 
ability, thus allowing a patent application to be filed after an earlier 
publication, it is a mistake to rely on this facility because *grace 
period" provisions only exist in a few countries. As noted above, 
therapeutic drug development costs are very high. In order to 
recoup such investment, it is typically desirable or necessary to be 
able to sell the drug globally, and thus important that patent 
protection for the drug be secured in the major markets. Many of 
the major pharmaceutical market countries do not have a grace 
period. provision. An ill-timed publication could therefore under- 
mine the opportunity to secure a patent in certain of the major 
markets which will have serious commercial implications. For 
example, it may dissuade a potential licensee or could be a reason 
for ceasing development of the molecule. 

It is therefore crucial that the invention is kept confidential, at 
least until the patent application has been filed (see Note 1). 


There are various routes available for seeking a patent in a particular 
country. 

However, in situations where the applicant desires patent pro- 
tection in multiple countries the following route is commonly 
adopted: 


(a) First filing of a patent application in a reference country, 
typically the home country of the applicant. This first applica- 
tion is often referred to as the priority application. Optionally, 
one or more subsequent priority application filings may follow 
within the next 12-month period. 


(b) At or prior to the 12-month anniversary of the first priority 
application a single application claiming priority from the 
earlier priority application(s) is filed under the Patent 
Co-operation Treaty (often referred to as a PCT or interna- 
tional application). By designating all available states in the 
PCT application, it is possible to convert this single interna- 
tional application into separate national patents in most 
countries of the world. 


(c) Asearch and preliminary non-binding opinion on the patent- 
ability of the claims is carried out by the patent office proces- 
sing the PCT application and sent to the applicant, typically 
around 16 months from the filing of the earliest priority 
application. 


(d) 18 months from filing of the earliest priority application the 
PCT application is published. 
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(e) Typically, at 30 months from the earliest priority date (see 
Note 2) the applicant must convert the international (PCT) 
application into separate national or regional applications (see 
Note 3). At this stage, the PCT application ceases to exist. 


(f) The national or regional applications are then examined by 
each respective national or regional patent office. Such exami- 
nation will typically take 2-8 years culminating either in grant 
of the national or regional patent or refusal. On grant of a 
regional patent the applicant must then decide which 
countries within the region to convert the patent into. These 
then become national patents. 


(g) During the term of the regional or national patent applications 
or granted patents, it is typically necessary to pay ongoing fees 
(typically referred to as annuity or renewal fees) for keeping 
the application/patent in force. The term of any granted 
national patent is typically 20 years from the filing date 
(using the PCT system described above, the PCT application 
filing date in (b)). 

(h) In some countries, certain pharmaceutical or agrochemical 
patents may be entitled to a patent term extension for up to 
5 years from the normal expiry date of the national patent. In 
Europe, rather than a patent term extension, a separate intel- 
lectual property right termed a Supplementary Protection 
Certificate (SPC) with a term of up to 5 years may be available. 
The patent extension or SPC referred to herein is to compen- 
sate, in part, for the period of time that the pharmaceutical or 
agrochemical compound was subjected to regulatory assess- 
ment by the authority responsible for regulating such 
products. 


A typical timeline that uses the PCT system outlined above is 
shown in Fig. 1. 

More details on the PCT system can be found on the PCT 
website [3]. 


8 Data Requirements 


Patent attorneys are often asked how much and what type of data 
must be included in the patent application. There is no hard and 
fast rule on this. Generally, it is case specific and will depend on 
various factors such as the complexity in the art. 

The majority of patent systems typically do not mandate that 
the patent application contain any number of specific examples, nor 
that these examples be actual worked examples with real data. 
However, in order to be patentable, the invention must be suffi- 
ciently described and enabled (or supported) to permit a person of 
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Fig. 1 Basic timeline for Patent Cooperation Treaty (PCT) patent application filling 


skill in the art to practice the invention. With predictable technol- 
ogies, such as mechanical devices, disclosure of a single means for 
making or using the invention may suffice. The person skilled in the 
art can easily make the invention and understand whether and how 
it works. In more unpredictable fields, such as therapeutic agents 
acting within biological systems, it is likely that the amount and 
type of data needed to demonstrate that the invention works and 
that the person skilled in the art can practice the invention will be 
greater. Thus, in practice, with therapeutic-type inventions, the 
presence of worked examples with relevant data plays a significant 
part in satisfying the patent examiner (and/or court) that the 
invention as claimed is supported/enabled and works. 

Antisense oligonucleotide inventions, as with other therapeutic 
molecules, particularly those in established fields would benefit 
from two categories of data. 

The first are data that would convince the person skilled in the 
art that the molecule has the necessary biological effect to make it 
credible that it would work as claimed (supporting data). Thus, if a 
disease pathology is manifest by expression of a particular protein, 
data demonstrating that the antisense oligonucleotide can, for 
example, impede production of the protein would be 
advantageous. 

It is not necessary that the application include actual clinical 
trial data demonstrating efficacy in the relevant subjects (e.g., 
human patients). Suitable in vivo or ex vivo animal data or even 
cell data from an in vitro system, demonstrating that the antisense 
molecule impedes protein production, for example, may be suffi- 
cient and should be included in the patent application. 

The second are data that demonstrate that the claimed inven- 
tion performs better than what is already known (comparative 
data). Comparative data is particularly helpful, indeed often neces- 
sary, if the claimed invention is close to and thus potentially prima 
facie obvious over what is already known (in the public domain). 
Data comparing the claimed invention with the closest prior art 
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9 Searching 


molecule can help support the position that the claimed invention 
meets the inventive step (non-obviousness) criterion. 

While it may be possible to supply this comparative data during 
the patent examination/prosecution stage it is advantageous to 
have this in the application as filed. However, in order to be able 
to do this, the researcher must have identified which molecule is 
likely to be determined to be the “closest prior art molecule” and 
then to have synthesized and tested this molecule against those of 
the claimed invention. 


As will be appreciated from the above, the claimed invention is 
assessed against what is already known (in the public domain). 

When embarking on a research program for a new antisense 
oligonucleotide, it is recommended that the researcher conduct or 
commission searches of the published literature, including pub- 
lished patent applications, to identify, for example, the various 
molecules against the target sequence that are in the public domain. 
This information can assist on two fronts. First, it offers the oppor- 
tunity to conduct research in novel space and design novel mole- 
cules; secondly, it should identify the molecule(s) that are likely to 
be considered the closest prior art molecules against which the new 
molecule with be assessed for patentability. 

Prior art and patent searching is a skill that requires access to 
and an understanding of how to search particular databases of 
published documents. The ways of conducting searches of the 
prior art is beyond the scope of this chapter. The researcher may 
have the tools (e.g., databases of publications) and skills to conduct 
their own prior art searching. Otherwise, it is recommended that 
this be commissioned from an appropriate search firm. 


10 Freedom to Operate (FTO) 


The final topic to flag is that of freedom to operate. As noted above, 
a patent on your product (e.g., antisense oligonucleotide drug) is 
an exclusionary right. It does not give the right to commercialize 
the product, and one obstacle to exploitation may be the existence 
of one or more third-party patents that dominate the ability to 
make, use or sell the product. Examples of dominating third-party 
patents might be those that cover a broad class of molecules that 
your development candidate falls within or claims to the precise 
therapeutic use (e.g., disease to be treated) that a molecule such as 
the one you are developing is to be used for. 

It is therefore also important to consider third-party patents in 
case these impede the ability to commercialize the product. An 
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Summary 


FTO assessment for third party patents starts with searching for the 
existence of relevant pending applications or granted patents. It is 
highly recommended that such searching be conducted by profes- 
sional searchers and the search output should then be assessed by a 
suitably qualified patent attorney. Once potentially relevant third- 
party patent property, both pending applications and granted 
patents have been identified, strategies to mitigate the risk of patent 
infringement can be devised. This could include securing legal 
opinions on infringement and validity, initiating challenges to the 
validity of such patents and/or securing appropriate patent licenses 
to any dominating patents. 

The most meaningful FTO assessment can only be carried out 
when the actual product and its method of manufacture have been 
identified. However, if FTO assessments are carried out at an early 
stage it may help to gauge risk and potentially allow the design of 
molecules that avoid problematic third-party patents. For example, 
if equivalent chemical modifications are feasible, only one of which 
is protected by third-party patents, it may be possible to utilize the 
patent-free modification to avoid the FTO risk. 


When embarking on a research program to develop a therapeutic 
antisense oligonucleotide, it is important to consider and incorpo- 
rate a patent strategy that includes seeking protection for patents on 
the product and being aware of third-party patents that might be an 
impediment to commercialization. 

It is advantageous to conduct prior art searches early on to 
ensure that your molecule is novel over those already known and to 
identify the closest prior art molecules against which your product 
will be assessed for patentability, in particular inventive step. It is 
imperative that the details of the invention are kept confidential 
until after the patent application has been filed, at least. 

It is important to generate data that demonstrates that the 
molecule has the biological properties likely to be of use in the 
purported treatment and to include this data in the patent applica- 
tion. In vitro cell data may be sufficient. 

It may also be advantageous to generate comparative data to 
demonstrate that the claimed molecule has some unexpected bene- 
ficial property or improvement over the closest prior art com- 
pound. If this data is included in the patent application, it could 
help to satisfy the patent examiner that the claimed molecule meets 
the inventive step criterion and thus greatly facilitate the patent 
prosecution. If it is not available at the time of filing it may be 
useful, if not actually necessary, to generate this data for use in the 
patent prosecution stage. 
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12 Glossary 


It is important to recognize that valuable patenting opportu- 
nities may exist for subject matter other than the antisense com- 
pound itself and its particular use and you should consider whether 
seeking patent protection for these would strengthening the overall 
patent portfolio. 

Finally, you should engage the services of a patent professional 
with expertise in handling antisense oligonucleotide patenting at 
the earliest opportunity. They can provide counsel on the appropri- 
ateness of the data generated and the strategy for filing and prose- 
cuting the patent application(s), including which territories to 
pursue for patent protection. They can draft and file the patent 
application(s) and manage the patent portfolio. They can also assist 
with any necessary prior art or third-party patent searching and 
advise on the best time to undertake the necessary freedom to 
operate assessments. 


Applicant—the individual or legal entity that has filed for and has 
claimed initial ownership of a patent application. 


Freedom to operate (FTO)—is the ability to develop, make, sell, 
offer for sale (i.e., market) the product without legal liabilities to 
third parties, including third party patent owners. 


Licensor—the person or entity that grants formal permission to 
make or do something. In the context of a patent the right to 
perform certain acts protected by the patent. 


Licensee—the individual who obtains the license from the licensor 
to make or do something. 


Patent claims—a series of independent or linked (dependent) sen- 
tences that define the scope of what is being claimed as the inven- 
tion. The patent claims form one section of the patent application. 


Patent Cooperation Treaty (PCT)—is an international patent law 
treaty which provides a unified procedure for filing patent applica- 
tions in each of its contracting states. It is administered under the 
auspices of the World Intellectual Property Organization (WIPO). 
A patent application filed under the PCT is typically referred to as 
an international application, or PCT application. The PCT applica- 
tion is merely a vehicle to facilitate grant of individual national 
patents. It is not, and cannot, become a patent itself. There is no 
such thing as an international patent. 


Patent offices a governmental or intergovernmental organization 
which processes and awards patents. 
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Patent portfolio—refers to the collection of patent applications and 
granted patents owned by an applicant. 


Patent prosecution—is the process taken to establish whether the 
patent application meets the criteria for grant of a patent. It may 
also be referred to as patent examination. 


Patent term (or “term”)—is the length or period of time that a 
patent can remain in force. Once this term has finished the patent 
expires and the invention enters the public domain, so anyone is 
entitled to freely exploit the invention. 


Patent term extension—is an extension of time to the usual 
patent term. 


Person skilled in the art—is a fictitious individual used in many 
patent laws of the world as the individual that is used as reference 
to determine whether the claimed invention is patentable (e.g., 
inventive) and the application sufficiently disclosed, among other 
things. Often the person skilled in the art is a technician skilled in 
the technical area of the invention who is aware of the prior art and 
has common general knowledge but no scintilla of ingenuity or 
inventiveness. Sometimes the person skilled in the art can be a team 
of individuals. It is a legal fiction. 


Prior art—Trefers to all information that has been made available to 
the public prior to the effective filing date of the claimed invention. 
The effective filing date being the date of filing of the application 
that first discloses the claimed invention. This could be, for exam- 
ple, the date of one of the priority applications or the substantive 
application. 


Priority application or priority patent application—a patent applica- 
tion filed in a national or regional state (including PCT application) 
that can be used to claim priority to from a subsequently filed 
national, regional or international application. 


Public domain—refers to information or inventions which are freely 
available to the public, in particular, where no exclusive intellectual 
property rights exist or are possible. It can refer to patented inven- 
tions whose term has expired or information which has been pub- 
lished and so no longer protectable by a patent. 


State of the art—refers to information which is known, or is capable 
of being known, by the public. It is often a synonym for prior art 
(information known before the patent filing date). 


Substantive application—is the national or international application 
which will be subjected to patent examination and whose text can 
no longer be changed. Such filing may claim priority from an earlier 
*priority" application. 
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Supplementary Protection Certificate (SPC)—is a distinct intellec- 
tual property right available in countries ofthe European Economic 
Area that extends the term of certain rights under a patent for 
pharmaceutical or agrochemical products that have had to undergo 
regulatory assessment. It enters into force immediately the patent 
on which it is based expires. The SPC is designed to compensate the 
applicant for delays incurred in securing regulatory approval for a 
product, and it effectively extends the monopoly right for the 
product for a limited period of time. 


13 Notes 


l. There may be advantages to delaying publication until the 
substantive application filing date or even the patent applica- 
tion publication date, and these should be discussed with your 
patent professional. 


2. The time limit to enter the national phase for most states/ 
countries signed up to the PCT is 30 months from the priority 
date; however, the patent legislation ofa country or region may 
set a time limit which expires later than 30 months from the 
priority date. 

3. There are four regional contracting states to the PCT: African 
Regional Intellectual Property Organization (ARIPO), Eur- 
asian Patent Office (EAPO), European Patent Office (EPO), 
and African Intellectual Property Organization (OAPI). 
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